Assessment of soil carbon sequestration and climate change mitigation potential under conservation agriculture (CA) practices in the Eastern Gangetic Plains by Alam, Md. Khairul
 
 
Assessment of soil carbon sequestration and climate change mitigation potential 
under conservation agriculture (CA) practices in the Eastern Gangetic Plains 
 
 
 
 
 
 
 
 
 
 
By 
 
Md. Khairul Alam 
MS (Soil Science) 
 
 
 
 
This thesis is presented for the degree of 
Doctor of Philosophy 
of 
Murdoch University 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2018 
 
ii 
 
Declaration  
I declare that the thesis comprises results from my very own research work which has not 
previously been submitted for any degree at institutions at any level.  
 
Md. Khairul Alam 
  
iii 
 
Abstract 
Conservation agriculture (CA) cropping is based on the principles of minimum soil disturbance, 
permanent soil cover with crop residue retention and crop rotations with diverse crops. The CA 
cropping performs well in improving soil health, increasing yield and increasing crop profit in the 
intensive rice-based, triple–cropping systems on the Eastern Gangetic Plain (EGP), but its effects 
on the greenhouse gas (GHG) emissions and the dynamics of carbon (C) and nitrogen (N) in the 
soil has not been studied properly. Two experiments lasting 5 years have examined soil C, N and 
life cycle GHG emissions in the EGP plains’ intensive rice (Oryza sativa L.)–based cropping 
soils of Bangladesh. The present study employed a streamlined life cycle assessment (LCA) 
approach to assess implications of GHGs from CA cropping in comparison with conventional 
cropping.  
Minimum disturbance of soil and increased residue retention were assessed at both long-term 
studies involving rice-based triple cropping systems at Durgapur and Godagari in the EGP since 
2010. Component crops of the rice-based systems (lentil (Lens culinaris Medik), mustard 
(Brassica campestris L.), chickpea (Cicer arietinum L.), jute (Corchorus olitorius L.), early wet 
season rice & mustard) were established by strip planting (SP) and bed planting (BP), or 
following 3-4 tillage operations by 2-wheel tractor followed by hand-broadcast seeding and 
fertilizing (CT). All practices were compared with the conventional low residue retention or 
increased retention. In case of irrigated and rainfed rice, non-puddled (NP) transplanting were 
adopted in SP and BP; while soil puddling was used for CT. The life cycle GHG t-1 crop or rice 
equivalent yield (REY) were assessed under four practices of cropping a) traditional crop 
establishment practices (CT) with farmers’ practice of residue return (LR), b) CT with return of 
increased residues (HR); c) strip planting (SP for upland crop)/ transplanting on non-puddled 
soils (NP for rice) with LR or; d) SP/NP with HR. 
The cropping systems studied in the long-term trials were mustard-irrigated rice-monsoon rice at 
Alipur and wheat-jute-monsoon rice at Digram sites. The SP/NP of soils with HR sequestered 
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carbon in soils after five years of cropping at both the locations, relative to current practices of 
cropping by farmers (CTLR). The increased soil C was associated with reduced CO2eq emissions 
(13 to 59 % lower than those under CT and BP with LR and HR, respectively, relative to SOC), 
reduced water soluble carbon (WSC, by 15-23 mg kg-1, relative to CT with LR and HR) contents 
in soils and increased potentially mineralizable C (PMC) and lower decay rate constant (e.g. 50 % 
in rice soils). Similarly, at each location (0–10 cm soil depth), SP, including NP, together with 
HR increased total N by 9 and 32 % relative to BPHR and CTHR and by 62 %  relative to the 
current practice (CTLR), respectively. The increased total N in soil resulted from the increased 
potentially mineralisable N (PMN) with its low decay rate in soil under all crops with SPHR, 
relative to other tillage and residue retention practices. The total mineralisation of N in soils 
under SPHR was statistically equal to (in wheat and jute cropping) or was lower (in mustard and 
rice cropping) than those under CT with HR. However, soils under SP with residue retention 
practices had synchronized release of N with crop demand, while CT with LR or HR had 
increased mineralization during 0–45 days of crop establishment. Conservation agriculture 
involving SP, and NP of rice, together with HR, has altered the C and N cycling. The alterations 
were occurred by slowing the early mineralisation of N, reducing the level of mineral N available 
to plants in the early growing season (low N requirement) but increasing soil total N and plant N 
uptake by enhancing the synchrony between crop demand and available N supply. In case of C 
cycling, SP/BP with HR at both the locations modified the C cycle by slowing the in-season 
turnover of C and by increasing the levels of total organic C in the soil. For all crops in the 
mustard-irrigated rice-monsoon rice cropping system, SP/NP with LR and HR were the best 
actual life cycle GHG mitigation option. With the considerable accumulation of SOC (3.8 - 4.2 t 
CO2eq ha
-1) in SP/NP at 0-10 cm soil depth after 5 years in comparison with CT, the life cycle 
GHG savings with the best mitigation practice (SP/NP with LR) for 1 t of rice-equivalent yield 
were 46 % relative to CT with LR. 
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Production of 1 t of REY in the rice–based system caused 0.73, 0.74, 0.98 and 1.12 t of CO2eq 
LCA GHG emission (actual). Production of 1 t of irrigated rice in the EGP after accounting for C 
sequestered in soils accounted for 0.91, 0.95, 1.25 and 1.41 t CO2eq for NPLR, NPHR, CTLR 
and CTHR, respectively, whereas the LCA GHGs for the production of 1 t of monsoon rice were 
1.10, 1.21, 1.4 and 1.65 t, respectively. For each unit RE mustard production, NPLR, NPHR, 
CTLR and CTHR were responsible for 0.09, 0.18, 0.31 and 0.29 t CO2eq, respectively.  Overall, 
methane (CH4) released during the on-farm stage of the LCA represented the dominant 
contributor to LCA GHG in the cropping system. The GHG emitted by machinery usage at on-
farm stage (irrigated rice), CO2 emission from soil respiration (monsoon rice), and GHG related 
to inputs manufacture (REY of mustard) were secondary sources in that order of magnitude. The 
NPLR and NPHR were the most effective GHG mitigation options when sequestered C was taken 
into account in footprints of component crops of rice-based rice-upland cropping system. The 
NPLR and NPHR practices avoided 51 % and 35 % of the actual LCA footprints compared with 
CTHR and current farmers’ practice, respectively.  
By not including soil C sequestration in the carbon footprint equation, the life cycle GHG 
estimates were over-estimated by 9 to 26 %. When soil C sequestration estimated by subtracting 
C losses from net primary production (NPP) was accounted for in the LCA GHG, the largest 
decrease in LCA GHG by 20 % was recorded in NPHR but LCA GHG increased by 12 % in 
CTLR. Overall, the NPLR and NPHR were the most effective GHG mitigation options in 
production of crops of mustard-irrigated rice-monsoon rice system but NPHR offered yield 
benefit and its higher CH4 emission was offset by the extra soil organic carbon (SOC) 
sequestration. The emerging CA approaches being developed for the EGP involving strip planting 
or NP have the potential to mitigate GWP of intensive rice-based triple cropping systems but 
further study is needed for a more diverse range of rice-dominant and rice-based triple cropping 
systems. 
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1 General Introduction 
The global extent of conservation agriculture (CA) increased to 157 million hectares (M ha) at the 
rate of more than 10 M ha year-1 (equivalent to almost 47 % change) since 2008/2009. Among the 
13.5 M ha of land growing rice-upland crops in double or triple cropping rotations in the Indo-
Gangetic Plains (Gupta and Seth, 2007), CA covers over 3.2 M ha (Derpsch and Friedrich, 2009). 
Fitting CA in rice-based cropping systems remains a challenge because almost three fourth of the 
global rice (77 %) is produced under wetland condition with rigorous tillage followed by 
puddling (done by several wet tillage operations and land levelling) and transplanting (Rao et al., 
2007; Rao et al., 2017). Farmers puddle soils to make them soft for transplanting (De Datta, 
1981), to reduce water losses (Tuong et al., 1994), to control weeds and to reduce percolation 
losses of nutrients (De Datta, 1981). On the other hand, puddling for rice and then intensive 
tillage for dryland arable non-rice crops over a long period causes degradation of the soil 
structure (Sharma et al., 2002; Dalal and Mayer, 1986a), consumes a large quantity of water for 
rice establishment and crop growth (Sharma et al., 2002) and accelerates loss of soil organic 
carbon (SOC) (Six et al., 2004a; Shibu et al., 2010) and nitrogen (N) content (Dalal and Mayer, 
1986b).  
Though it was reported that puddling reduces percolation losses of nutrients there was no 
evidence that it improved nutrient uptake by rice (Sanchez, 1973). During sowing of arable crops 
after rice, previously puddled soils take more time to dry and form cracks that delay planting the 
succeeding crops, and form large, hard clods that provide poor seedbed and seed-soil contact 
upon dry tillage. Hence, preparation of lands suitable for succeeding dryland crops requires 
excessive tillage, increased amount of labour, water, capital and energy, thereby reduces farm 
profits (Sharma et al., 1988; Sharma et al., 2005; Haque et al., 2016; Kumar and Ladha, 2011). 
Moreover, as puddling results in rapid oxygen depletion in soil, the anaerobic condition in soil 
reduces the redox potential of soil which leads to synthesis and emission of methane (CH4), a 
2 
 
GHG with high global warming potential (Ponnamperuma, 1972; Takai and Kamura, 1966; Yu 
and Chen, 2004).  
In the Indo-Gangetic plains (IGP), most farmers continue puddling of soil for rice crop 
establishment, even if they follow CA (minimum disturbance of soil and residue retention) for 
upland crops. Agriculture in the Eastern Gangetic Plain (EGP-Bangladesh) traditionally follows 
residue removal and conventional puddling for rice and extra tillage for upland crops of 
intensively growing rice-upland triple cropping systems (Haque et al., 2016; Islam, 2017). The 
agricultural land use intensity for cropping in the plains is now over 198 % to maintain food 
security on the waning area of agricultural land (Jahiruddin and Satter, 2010). As puddling is 
labour–, time– and capital–intensive and as it creates soil physical conditions detrimental to 
upland crops in rice–based cropping systems, it is important to ask whether puddling is essential 
for rice culture or whether rice crops can be grown without puddling of soil (Haque et al., 2016; 
Chakraborty et al., 2017). De Datta et al. (1979) and Chakraborty et al. (2017) stated that novel 
practices involving minimum tillage like non-puddled transplanting (NP) following strip tillage 
(SP) and bed formation (BP) for rice crop establishment could lessen weed control problems 
encountered by zero tillage (ZT) and other physical impediments encountered by puddling. 
Moreover, the C and N sequestration benefits possible by adopting zero tillage for growing 
upland crops are reversed when puddling is done for wetland cropping (Sapkota et al., 2017).  
The C and N cycle can be either positively or negatively affected by agricultural activities, 
depending upon management choices. In complex paddy rice-upland rotations in the IGP 
including the EGP, crop establishment and residue retention practices are important factors in C 
and N cycling (Kirk and Olk, 2000; Zhou et al., 2014). With conventional tillage, crop residues 
are incorporated into the soil which accelerates C and N mineralization, and as soil is disturbed 
heavily by the practice, it exposes the C and N associated with macro–aggregates to greater 
decomposition by microorganisms (Six et al., 2000; Zheng et al., 2018), whereas with minimal 
soil disturbance, crop residues remain at the soil surface (Curtin et al., 2008), and are less 
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susceptible to microbial breakdown (Verhulst et al., 2013). However, the individual and 
combined effects of minimal soil disturbance and residue retention on the C and N dynamics and 
their cycling in rice-based cropping systems on the EGP are not well understood (Sisti et al., 
2004). The crop sequence adopted determines the type and amount of residue added to the soil 
(Alam et al., 2016a). Crop rotation (Baldock, 2007), residue retention (Franzluebbers et al., 1994) 
and minimum soil disturbance associated with minimum tillage (Zhou et al., 2014) alter the C and 
N dynamics, which are important in the sequestration of C and N (Balota et al., 2004) and 
reduction of GHG emissions (Zhang et al., 2013).  
Each year, soils release 0.04-0.06 percent of their C pool held within the soils to the atmosphere 
by the transformation of organic matter into CO2 gas via soil respiration over the past century 
(Schlesinger, 1984; Schlesinger and Andrews, 2000). In the case of wetland soils, methane (CH4) 
emission results from CH4 production in anoxic zones of soils,  depending on the extent of CH4 
consumption by methanotrophs in oxidised zones of the soil (rhizosphere, lower part of culms, 
soil-water interface and submersion water). In anoxic soils, CH4 can transfer to the atmosphere, 
mostly through rice aerenchyma and, at a lower level, through diffusion and ebullition (le Mer 
and Roger, 2001). In both dryland and submerged soils, N2O is emitted to the atmosphere through 
either nitrification (Yoshinari, 1990) or denitrification processes particularly after inorganic or 
organic fertilization (Tsuruta, 2002). However, the influence of the adoption of CA in rice-based 
triple cropping systems in the EGP on the C and N cycles and emissions of agricultural GHGs has 
not been explored yet. 
Wetland rice (Oryza sativa L.) with its distinctive soil conditions relative to upland crops 
contributes significantly to the global greenhouse gas (GHGs) fluxes in agriculture (Miyata et al., 
2000; Saito et al., 2005). Crop establishment practices (no-tillage, direct seedling of rice, system 
of rice intensification etc.) have been developed for rice in the rice-upland cropping systems and 
some have been evaluated in terms of timeliness, labour use, water productivity, input 
requirement, drudgery, fuel consumption, energy use, yield sacrifice, economic return and GHG 
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fluxes (Islam, 2017; Salahin, 2017; Chakraborty et al., 2017; Haque et al., 2016). The novel non-
puddled rice establishment technologies developed and recommended for timeliness, labour and 
water savings (Islam et al., 2010, 2013; Haque et al., 2016) can fit CA in rice-upland cropping 
systems especially as it outperforms conventional practices regarding yield (Haque et al., 2014), 
profits, soil health (Sharma et al., 2008) and fuel consumption (Islam et al., 2013). Information is 
scarce on the carbon footprint of component crops like irrigated rice, monsoon rice and even on 
upland crops of triple-crops cropping systems. An ideal strategy would reduce each of the GHGs 
emitted from crop fields because the main obstacle of the global warming potential (GWP) 
mitigation is the trade-off between CH4 and N2O emissions (Wassmann et al., 2004). Information 
is also inadequate on complete carbon footprints of intensive rice-based cropping systems such as 
those common in the EGP.  
The hotspots and stages contributing the largest GHG emissions for the production of component 
crops of the cropping systems vary due to differences in irrigation, chemical use, climate, fuel use 
for transportation and farm machinery use, varied yield per unit area and harvesting techniques 
(AIJ, 2003; Lal, 2004; Bentrup, 2009). The minimum disturbance of soils and increased residue 
retention in rice-based cropping systems has been reported to increase SOC (Islam, 2017; 
Salahin, 2017) and would reduce the GWP of the practice being adopted in the EGP for the crop 
production alone or in a system. The Life Cycle Assessment (LCA) approach with its four steps 
(goal setting and scope defining, inventory analysis, impact assessment and interpretation) can 
quantify the carbon footprint and identify mitigation hotspots associated with growing component 
crops and eventually cropping systems (Harada et al., 2007; Blengini and Busto, 2009; 
Meisterling et al., 2009; Bentrup, 2009). Estimation of footprints for the production of the 
component crops and the cropping system under the CA cropping (non-puddled transplanting of 
rice and strip planting for upland crops) can define their potential contributions to global warming 
(Haas et al., 2001; Schmidt, 2008; Meisterling et al., 2009).  
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Climate change is now a world-wide problem which is becoming more visible with the elapse of 
time but for the most part is ignored at the level of cropping systems and crop management. The 
concentrations of CO2, CH4 and N2O are currently about 402.9 ppmv (from 315 ppm in 1958 to 
402.9 ppm in 2016), 1.83 ppm and 327.7 ppb, respectively (Dlugokencky and Tans, 2018; EPA, 
2018). The rates of increase of atmospheric CO2, CH4 and N2O were 1.6 ppm 7.0 ppb and 0.73 
ppb yr-1, respectively, for the last decades (IPCC, 2014). The latest analysis of observations from 
the WMO Global Atmosphere Watch (GAW) Programme showed that the globally averaged 
mixing ratios of carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) are greater than 
those in pre-industrial times (before 1750) by 39 %, 158 % and 20 %, respectively (WMO/GAW, 
2011). The database of global GHG emissions stated that agriculture contributes 9 % of the total 
GHGs in 2016 (EPA, 2018), derived from livestock, agricultural soils and rice production (EPA, 
2018).  
Carbon sequestration, a key C enrichment pathway in agriculture that can be achieved by 
maximizing C inputs and minimizing C outputs, offers mitigation strategy for other GHGs 
emitted by agriculture. Existing techniques (excessive tillage, C harvesting from the field, 
continuous cereal crops cultivation) and prevailing climates (hot and humid environment) are not 
able to maintain a high SOC level in Bangladesh agricultural soils (FRG, 2012) with negative 
consequences. The negative consequences include soil structural deterioration, reduced water 
holding capacity, soil fertiliuty deterioration in terms of N, P and S availabilities ans storages, 
reduced soil microbial biomass and activities (Alam et al., 2016a; Salahin, 2017; Islam, 2017). 
The novel non-puddling of rice and strip planting/bed planting for upland crops with residue 
retention show potential for improving soil health (Islam, 2017; Salahin, 2017), but have not been 
examined for the potentials of mitigating global warming potential. Thus, understanding the 
hotspots and stages of soil CO2, CH4 and N2O fluxes for the production of component crops of 
rice-based cropping systems under the CA practices is of key importance to reliably develop 
mitigation strategies under current climate. The dynamics of soil carbon storage and release in 
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many ecosystems is still poorly understood (Sommer and Bossio, 2014). Metting et al. (1999), 
Jandl et al. (2014) and Zomer et al. (2017) pointed out that the ultimate potential for soil C 
sequestration is unfortunately unknown because of a lack of reliable database and a lack of 
fundamental understanding of the SOC dynamics at the micro, small, regional, and global scales. 
Therefore, the C and N dynamics and GHG implications under the novel CA practices in the 
intensive cropping systems warrant investigation to determine the best options for increasing C 
and N storage in soil and GWP mitigation.  
Aim and Objectives of the Thesis 
Every management alternative (tillage, crop residue retention and component crops choice of 
crop rotations, fuel use, chemical use) simultaneously influences CO2, CH4 and N2O fluxes.  Life 
cycle assessment is, therefore, an ideal tool to determine how non-puddled transplanting of rice 
crops and strip planting for upland crops together with increased residue retention will alter 
carbon sequestration potential in soil, accelerate or retard CO2, CH4 and N2O productions and 
quantify the influence of pre-farm and other on-farm sources of GHG emissions. The aim of the 
thesis is, therefore, to determine how CA influences C sequestration in soil, the fluxes of CO2, 
CH4 and N2O and consequently the main effects of CA in rice-based cropping systems in 
Northwest Bangladesh on global climate change potential. 
Objectives of the project: 
1. To quantify the effect of tillage methods and residue management practices on C inputs 
and outputs under intensive rice-based crop rotations, 
2. To study the C and N dynamics under the novel non-puddled transplanting and strip/bed 
planting under intensive rice-based crop rotations, 
3. To understand the potential of non-puddled transplanting to alter emissions of GHGs 
from soil in monsoon and boro seasons, 
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4. To establish the effect of CA implemented in rice-based intensive cropping systems in 
Bangladesh on global warming mitigation potential, and 
5. To estimate the relative contribution of the individual GHGs to the net GWP from the 
crop rotations in Northwest Bangladesh.   
2 Review of Literature 
2.1 Introduction 
As a major contributor to global food supply, the rice-wheat cropping system in Indo-Gangetic 
Plains (IGP) of South Asia currently covers about 13.5 M ha of land in Pakistan, Nepal, India, 
and Bangladesh (Gupta and Seth, 2007). Indeed due to the climate change and growing 
populations, additional rice productivity in the IGP is needed (Chakraborty et al., 2017). Both 
varietal improvement and soil fertility improvement (Alam et al., 2016b), including soil 
management practices such as CA, are central to increased rice production in the IGP. In the IGP 
and in other intensive rice-growing areas where wetland rice is grown in upland crop-rice 
cropping systems, establishing all component crops by following CA practices remains a 
challenge (Alam et al., 2016b). 
 
The majority (77 %) of the global rice is produced under wetland conditions with rigorous tillage 
followed by puddling (done by several wet tillage operations) and transplanting (Rao et al., 2007; 
Rao et al., 2017). Farmers in the IGP currently prefer conventional practices of rice crop 
establishment to CA practices, even if they follow zero tillage in some cases (minimum 
disturbance of soil and residue retention) for the upland crops. However, there are a number 
negative aspects of the current crop production systems of rice-based conventional cropping the 
IGP: 
 the practice of conventional tillage and crop establishment is becoming unprofitable due 
to increasingly scarce labour, water, capital and energy (Alam et al., 2016b; Kumar and 
Ladha, 2011); 
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 the tillage practices damage soil structure (Gathala et al., 2011), decrease soil organic 
matter (SOC) and soil health (Alam et al., 2014);  
 it retards root growth for non-rice crops by creating a compacted subsurface layer in the 
soil profile (Ishaq et al., 2011);  
 Rice accounts for 24–30 % of the withdrawal of world total freshwater (Barker et al., 
1998; Bouman et al., 2007). For wetland rice production, puddling alone requires 30 % of 
the consumption (Chauhan and Opeña et al., 2012). Prediction indicate that 17–22 M ha 
of irrigated rice area in Asia will face water scarcity (Tuong and Bouman, 2002) by 2025, 
necessitating water-saving options to be practiced widely; 
 Manual rice transplanting requires 25–50 person-days ha−1 (Singh and Sharma, 2012), 
while the size of the workforce in agriculture declined by nearly 30 million between 
2004–05 and 2011–12 (FICCI, 2015) due to rapid economic growth in Asia in non-
agricultural sectors (FICCI, 2015) and to increased labour wages (Zhang et al., 2011);  
 Wetland rice production contributes almost 12 % of anthropogenic methane and 55 % of 
agriculturally-sourced greenhouse gas (GHG) emissions in the world (IPCC, 2013). 
Solutions to all problems can be found in modifications of crop establishment practices 
(Chakraborty et al., 2017; Alam et al., 2016b; Alam et al., 2014; Islam, 2016). Among the crop 
production factors, tillage alone contributes up to 20 % of crop production (Khurshid et al., 2006) 
and controls the use of soil resources through its influence on soil properties (Lal et al., 2013). 
Novel resource-saving technologies are, therefore, being developed to cope with these factors 
influencing cultivation of all crops including rice in the intensive crop growing areas 
(Chakraborty et al., 2017; Alam et al., 2016b; Haque et al., 2016; Bell et al., 2017). Mechanical 
direct-seeding and transplanting under non–puddled/non–flooded conditions have been developed 
and evaluated by researchers in collaborations with farmers (Haque et al., 2016; Bell et al., 2017; 
Ladha et al., 2003; Ladha et al., 2016).  
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In addition, rice and upland crops are grown in a sequence with frequent cycling of wetting and 
drying under anaerobic and aerobic conditions (Zhou et al., 2014). The contrasting environments 
alter the soil C and N cycles, GHG emissions, soil chemical and biological properties through the 
diversified organisms in soils (Zhou et al., 2014). Chakraborty et al., (2017) reviewed global data 
of soil properties, C and N cycling and greenhouse gas implications under emerging and 
conventional practices. However, the available literature so far indicates that the alterations in C 
and N cycling and GHG emissions from soils under conventional and promising CA practices 
have not been quantified in the intensively cropping EGP (Chakraborty et al., 2017; Islam, 2017). 
The literature also lacks C footprint data of the rice-based cropping systems when CA practices 
sequester C from the atmosphere into long-lived soil organic matter pools in the subtropical 
humid region (Lal, 2004). Some details of the practices and their implications of soil properties, 
C and N cycling and GHGs within scope of the thesis are given as follows:  
 
2.2 Trends in rice crop establishment practices in the rice growing areas 
In the last several decades, rice in the Eastern IGP (referred to as the EGP) has been established 
by transplanting following puddling of soil with wet tillage operations. Researchers have found 
both positive and negative results with that cultivation practice (Salahin et al., 2011). However, 
the rice production systems of Asia have been undergoing various adjustments due to the 
shortage of land, water and labour. Alternatives for rice establishment in Asia include direct 
seeding or non-puddled transplanting of rice followed by strip tillage (a form of minimum 
disturbance of soil) (Johansen et al., 2012; Haque et al., 2016; Chakraborty et al., 2017). Apart 
from the above factors, the demand for cropping system intensification and for high yielding 
short duration varieties are also driving changes in rice production (Johansen et al., 2012; 
Chakraborty et al., 2017). The increased availability of suitable machines/attachments for small 
holder farmers which reduce turn-around time, and the availability of tested weed control 
methods, has led to cropping systems changes (Naresh et al., 2014).  
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Figure 2.1 Puddling of soil in preparation for transplanting of rice 
 
The direct-seeded rice area in Asia is estimated to be about 29 million ha (approx. 21 % of the 
total rice area). However, area coverage by direct-seeded rice appears to have decreased 
considerably in recent years (Singh and Shahi, 2015). Direct-seeded rice can be done after 
conventional tillage under wet or dry soil conditions. It can also be done in zero-tilled soil or with 
minimum tillage operations (Chakraborty et al., 2017). Direct seeded crops require less labour 
and tend to mature earlier than transplanted crops. Direct seeding avoids seedling stress from 
pulling roots from soil and the time taken to re-establish fine rootlets. Land preparation for direct 
seeding of rice is done in two ways: 
2.2.1 Dry direct seeding 
In rain-fed and submerged ecosystems, rice seeds are directly sown on to fields by broadcasting 
or drilling onto soil surface which are then covered or incorporated in soils by ploughing or 
harrowing (A detail description can be found in http://www.knowledgebank.irri.org/step-by-step-
production/growth/planting/direct-seeding#dry-direct-seeding).  
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Figure 2.2 Dry-direct seeding of rice (Adapted from Pandey et al., 2002) 
2.2.2 Wet direct seeding 
In wet fields under irrigated and deep-water conditions, direct seeding can be performed either 
through broadcasting or drilling seeds into the wet or moist soil with a seeder.  
 
Figure 2.3. Wet-direct seeding of rice (IRRI-Rice-Knowledge Bank) 
2.2.3 Water seeding 
With the water seeding technique, rice production in California (United States), Australia, 
Malaysia and European countries controls the growth of weeds which are difficult to eradicate. 
When pre-germinated seeds are broadcasted on puddled soil, it is called wet water seeding and 
when broadcasted on non-puddled soil called dry-water-seeding (Azmi and Johnson, 2009; 
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Balasubramanian and Hill, 2002). In addition to irrigated areas, water seeding helps farmers to 
cope with growing rice in fields with early flooded water which cannot be drained out quickly.  
 
Figure 2.4 Water-seeding 
 
2.2.4 System of Rice Intensification (SRI) 
The System of Rice Intensification (SRI) is a package of distinctive practices affecting seedling 
transplanting, water management, weed control along with increased use of organic nutrients 
(Stoop et al., 2002; Uphoff, 2007). The SRI consists of transplanting young seedlings of 8 – 12 
days old, single seedling transplanting (one per hill) in a square pattern of 25 × 25 cm, 
transplanting seedlings within 15 – 30 minutes after removal from the nursery and at shallow 
depth (at 1–2 cm deep), keeping paddy soil moist but not continuously saturated, controlling 
weeds with frequent weeding by a mechanical hand weeder and applying organic fertilizers with 
chemical fertilizers. The paddy soil is kept moist but not consistently saturated so that mainly 
aerobic soil conditions prevail. Weeding is frequently done to facilitate aeration of the soil 
(Glover, 2011). 
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Figure 2.5 System of rice intensification (Source: Envirothink, 2014) 
 
2.2.5 Non-puddled transplanting of rice 
Several minimum soil disturbing options could be used to establish rice by non-puddled 
transplanting: single-pass shallow tillage (SPST); strip tillage (ST) and bed formation (Johansen 
et al., 2012; also Figure 2.7). The SPST method involves full surface soil disturbance to 4–6 cm 
depth and full residue incorporation by tillage. Hence it reduces the number of tillage operations 
and depth of tillage compared to conventional puddling but does not apply the principles of CA, 
namely minimum soil disturbance and crop residue retention. Nevertheless, the shallow soil 
tillage may be sufficient for weed control and non-puddled transplanting of rice seedlings 
(Ladha et al 2009). Strip tillage involves disturbance of a zone 4-6 cm wide and up to 6 cm deep, 
covering approximately 15–25 % of the soil surface. Hence this can be considered as minimum 
tillage which with more than 30 % of residue retention falls within CA guidelines. Rice seedlings 
are transplanted into the disturbed strips which are soaked with water overnight to soften the soil. 
Narrow strips on the top of permanent raised beds are also used for non-puddled transplanting of 
seedlings after wetting up the soil (Haque et al., 2016; Alam et al., 2016b). Non-puddled 
transplanting of rice is shown in Figures 2.7-2.8. 
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Figure 2.6 Non-puddled transplanting of rice  
 
Figure 2.7 Bed reshaping by Versatile multi crop planter (Taken from Islam, 2017) 
 
Figure 2.8 Classification of establishment practices used for rice production around the world 
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2.3 Soil properties under crop establishment practices 
Conventional cultivation practices involving deep tillage are detrimental to soil physical, 
chemical and biological properties and can lead to a reduction of yield (Johansen et al., 2012). 
The CA appraoch by contrast involving minimum soil disturbance, crop residue retention, and 
appropriate crop rotations has been  associatied with improving soil health, reduction of soil 
erosion (Gebhardt et al., 1985), decrease in consumption of fossil fuels (Al-Kaisi and Yin, 2004) 
and decreased cost of crop production (Thierfelder and Wall, 2009).  
Extensive tillage develops a hardpan under/at the bottom of the plough layer which impedes 
water infiltration which is beneficial for water retention in the root zone for wetland rice.  
However, for the non-rice crops grown in rotation with rice, root growth is inhibited leading to 
poor crop performance (depends on soil type) (Al-Kaisi and Yin, 2004). Moreover, soil structure 
is damaged by destructive tillage which disrupts soil aggregates, reduces available soil water 
holding capacity as well as accelerating organic matter depletion  (Phillips et al., 1980) which 
hamper soil functions and crop yield in the long run (Ladha et al., 2003; D’Haene et al., 2008). 
The return of residue can minimise the SOM decline (Hossain et al., 2008; Jat et al., 2009).  
It is evident that zero tillage/minimum soil disturbances along with residue retention and 
incorporation of leguminous crops between grain crops ensures soil SOM accumulation in almost 
all soils in the world (Alam et al., 2014; Bell et al., 2017; Salahin et al., 2017). Bell et al. (2017) 
estimated an additional 131-145 million t CO2eq C sequestration ha
-1 to the rice-based cropland of 
the EGP based on resutls of a 4-5-year experiment (at Alipur and Digram, Bangladesh) 
implententing non-puddled transplanting followed by strip planting in place of conventional 
cropping. Zero tillage (ZT) rice and ZT wheat with residue in permanent raised beds increased 
the SOC contents in the 0-10 cm depth sequestering the equivalent of 103 million t CO2eq ha
-1 
and 87 million t CO2eq ha
-1, respectively, after seven years in EGP (Islam et al., 2013). Addition 
of crop residues under minimum disturbance practice protects soils from erosion and crust 
formation (Naresh et al., 2014). Moreover, the retained crop residues with minimum disturbance 
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of soil help lower evaporation loss of water and regulate thermal properties in a more favourable 
range for crop production (Blevins and Frye, 1993). 
 
As native soil N mineralization provides 20–80 % of the N required by plants (Broadbent, 1984), 
the management of crop residues in the CA has an important role on improving soil N supply to 
crops and subsequently on plant growth (Kumar and Goh, 2003). Rice crop establishment 
practices govern the mineralization processes. Rapid mineralization of SOM and potential loss of 
C and N from the soil occur in the traditional crop establishment practice (puddling followed by 
soil tillage) during the initial stage of rice growth (Busari et al., 2015). After a short period (3-5 
days) of residues incorporation by conventional tillage and puddling, N mineralisation increases 
by making SOM within the macro-aggregates more available to microorganisms and due to 
increased oxidation over time (Bayer et al., 2000). In a study by Zhou et al. (2014), it was 
observed that N cycling in paddy-upland rotation reduced soil N storage due to excessive water 
application, disturbance of soil, and removal of residues from field or by burning. Additionally, 
crop residues remain at the soil surface under minimum tillage practices (Curtin et al., 2008) 
which is less accessible to microbial breakdown (Verhulst et al., 2013) which facilitates C and N 
accumulation in soil (Islam, 2017; Bell et al., 2017; Salahin, 2017).  
 
Phosphorus placement under minimum or no-tillage systems resulted in P stratification near the 
soil surface due to its low mobility in soil (Alam et al., 2018). The increasing adoption of CA by 
the growers of rice-based cropping systems (Randall et al., 2011; Bunemann et al., 2006) increase 
the need to manage crop availability of the less mobile nutrients (P and K) due to reduced mixing 
of fertilisers in the root zone, reduced mineralisation of OM and greater nutrient stratification 
close to the soil surface (Alam et al., 2014). Table 2.1 summarises findings from land 
management for different crop establishment practices on soil characterisrics influenced by the 
practices. 
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Table 2.1. Effect of rice crop establishment practices on soil properties  
 
Research 
works 
Practices adopted Soil type Results 
Aggarwal 
et al. 
(1995) 
Puddling of soil Sandy 
loam soil 
Bulk density of the 0-30 cm soil layer 
increased with puddling level. Formation 
of the subsurface compacted layer 
possibly led to reduced percolation rates 
through the soil. 
Jat et al. 
(2009) 
Laser-assisted precision land 
leveling and traditional land 
leveling, with conventional 
puddled-transplanted rice and 
conventional-tillage (CT) 
wheat; zero-till direct drill-
seeded rice and wheat after no-
tillage; conventional-till direct 
drill-seeded rice and wheat 
after conventional-tillage; 
raised beds with no-tillage for 
direct-seeded rice and wheat 
on beds  
Sobhapur 
sandy 
loam 
The CT system had higher bulk density 
and penetration resistance in 10–15 and 
15–20 cm soil layers due to compaction 
caused by the repeated wet tillage in rice. 
The steady-state infiltration rate and soil 
aggregation (>0.25 mm) were higher 
under permanent beds and double ZT and 
lower in the CT system.  
Alam et al. 
(2014) 
Zero tillage, minimum tillage 
(MT), conventional tillage, and 
deep tillage (DT) with residue 
retention at the rate of 30 %. 
Clay loam Zero tillage and minimum tillage with 
mungbean biomass and residue 
incorporation conserved moisture in the 
soil profile, reduced the bulk density, and 
increased OM, porosity, available water 
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content and root mass density. Zero 
tillage and minimum tillage practices 
increased soil organic carbon, total N, P, 
K, and S in their available forms in soils.  
Alam et al. 
(2016b) 
ZT, CT and DT and namely, 
wheat-fallow–T. aman, wheat–
mungbean–T. aman and 
wheat–dhaincha–T. aman 
Clay loam Minimum soil disturbance together with 
the incorporation of a legume/green 
manure crop into the rice-wheat system 
as well as the retention of their residues 
increased soil C status, improved soil 
properties (bulk density, porosity, field 
capacity, plant available water content), 
increased root mass density and 
maximized grain yields. 
Mondal et 
al. (2016) 
Puddled, transplanted, 
puddled, transplanted with 
SRI, non-puddled transplanted, 
non-puddled direct-seeded 
Loam Omission of puddling and absence of soil 
disturbance improve bulk density, 
penetration resistance, aggregate 
stability, cracking behaviour, SOC and 
soil nutrient status. 
Mohanty et 
al. (2006) 
No puddling; puddling with 
four passes of a 5 hp power 
tiller and transplanting; 
puddling with eight passes of a 
5 hp power tiller and 
transplanting with residue 
retained and residue removed 
Clay Omission of puddling improved bulk 
density (BD), penetration resistance 
(PR), water stable aggregates (WSA) and 
soil organic matter (OM) 
Bajpai and 
Tripathi 
For rice, puddling (P) for 
transplanted rice and non-
Silty clay 
loam 
Puddling significantly decreased the bulk 
density of the surface soil at the tillering 
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(2000) puddling for direct drilled rice 
and two fertility levels as sub-
plot: (NPK) 120:40:40 kg ha
-1
 
and 180:60:60 kg ha
-1
. For 
wheat, the conventional tillage 
(C) and zero tillage (Z) and the 
two fertility levels  
stage of rice, compared to non-puddling, 
whereas it was significantly higher after 
harvest. The hydraulic conductivity of 
the 0±0.06 m soil depth also reduced to 
one-sixth and one-half due to puddling at 
tillering and harvesting stages, 
respectively. Infiltration rate was 
decreased from 0.68 to 0.46 mm h
-1 
at 
tillering and 1.78 to 0.94 mm h
-1 
at 
harvest due to puddling. The puddling 
only in rice enhanced the root length 
density by 12 % but affected the wheat 
crop adversely and minimised the root 
length density by 28 %. Both puddling 
and non-puddling were found to be 
equally effective for grain yield of rice. 
However, non-puddling of rice produced 
significantly higher wheat grain yield 
than that of wheat followed by puddled 
rice. 
Mousavi et 
al. (2009) 
The puddling intensity 
measured by duration of 
puddling. 4 levels of puddling 
intensity used as: no puddling, 
low puddling, medium 
puddling and high puddling. 
The first tillage performed 
Silty clay 
soil 
Increasing puddling intensity increased 
the bulk density linearly. Increasing 
puddling intensity decreased water 
percolation. Puddling increased the 
amount of water retained over the whole 
range of suctions. Non-puddled plots 
required significantly lower water for 
20 
 
with a moldboard plough & 
then the plots were puddled 
using a rotary tiller. 
crop establishment. 
Alam et al. 
(2016b) 
Conventional puddling and 
non-puddling following strip 
planting with low and 
increased residue retention 
Silt loam Soil bulk density decreased under non-
puddled transplanting after 4 years of 
rice-based paddy-upland rotations.  
Islam 
(2016)  
Strip planting and bed plating 
for upland crops and 
conventional puddling and 
non-puddling following strip 
planting with low and 
increased residue retention for 
rice 
 
Silt loam Implementation of strip planting and bed 
planting for upland crops and non-
puddled transplanting for rice gradually 
improved soil physical properties and 
alleviated puddling effects that 
characterise current practices (CT and 
LR) in rice-based systems. 
Salahin 
(2017) 
Zero tillage and strip tillage 
under the non-puddled 
condition, bed planting (BP) 
and conventional puddling 
with 20 % and 50 % residue 
retention  
Sandy 
loam 
Soil bulk density significantly changed 
due to different tillage practices after 
three crop cycles. Zero and non-puddling 
transplanting with increased crop residue 
retention (50 %) had a positive effect on 
soil penetration resistance (PR) and soil 
moisture content. The non-puddling 
transplanting plots conserved more soil 
moisture with the least PR values 
compared to the other tillage practices.  
 
Research is sporadic in the EGP on how soil properties are altered by the minimum disturbance 
of soils and residue retention practices applied to crops in rice-based cropping systems. In 
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particular there is limited understanding of how the CA practices regulate the C and N 
sequestration potentials of soils and thereby GHG emissions associated with the CA (Chakraborty 
et al., 2017).  
2.4 Carbon cycle of rice-based-three-crops cropping system 
The C storage in soils is determined by the input by leaf and root litter and losses from 
decomposition and mineralization processes (heterotrophic respiration). Root systems make a 
significant contribution to C inputs and it is estimated that 50 % of C fixed in photosynthesis is 
transferred below ground to SOM (Nguyen, 2003; Lynch and Whipps, 1990). The soil conditions 
required by rice growth differ from those required by upland crops (Zhou et al., 2014). Soil is 
kept flooded to create anaerobic conditions for wetland rice growth (Saharawat et al., 2010). By 
contrast, upland crops are grown in well-drained soils under aerobic conditions (Zhou et al., 
2014; Alam et al., 2014; Mousavi et al., 2009). The wetting and drying in rotation accelerate or 
retard C and N dynamics. Paddy-upland rotation fields also experience seasonal alternation of 
wetting and drying and the frequent alternation of anaerobic and aerobic conditions (Zhou et al., 
2014), while the chemical speciation and biological effectiveness of soil nutrient elements vary 
with seasons (Raiesi, 2006; Zhou et al., 2014). In a double- or triple-crop rice system, fallow 
periods are short, the soil is not allowed to dry and re-oxidize completely, and large amounts of 
crop residues are returned to the field (Kirk and Olk, 2000).  
Continuous rice double- or triple-cropping results in significant C and N accumulation over time 
until a new equilibrium soil organic C (SOC) level is reached, even in systems with all 
aboveground biomass removed from the field and no farmyard manure applied (Figure 2.9) 
(Cassman et al., 1995; Regmi, 1994; Sahoo et al., 1998). In contrast, organic matter (OM) content 
appears to decline in most rice-upland crop systems such as rice-wheat (Witt et al., 2000). 
Nitrogen supply to crops depends on the release of N from the SOM via mineralisation and 
supplementation from fertiliser. Nitrogen mineralisation rate depends on the substrate 
concentration (OC and N) and environmental factors (soil moisture, aeration, temperature, pH, 
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and availability of other nutrients) which, in turn, are influenced by crop establishment techniques 
and residue retention practices. The C and N cycles in the soil-water-plant agro-ecosystem and 
the rate of their release are also continuously being changed by land use and farming/agricultural 
practices. The higher the disturbance of soil, the higher is the rate of mineralization of organic C 
and N. Ladha and Kessel (2010) proposed that the means to sustain soil C and N include: a) 
minimizing soil disturbance, b) avoiding cycles of soil flooding/drying, c) avoiding dry fallow, d) 
using quality residue, e) replenishing soil nutrients, f) applying plant need-based N, and g) 
subsurface application of fertilizer N. Silgram and Shepherd (1999), Malhi et al. (2001) and 
Alvarez and Steinbach (2009) found SOM mineralization and nitrate (NO3) release are stimulated 
by tillage, whereas Meena et al. (2015), Kushwaha et al. (2000) found by residue retention 
practices. 
 
 
Figure 2.9 Conceptual diagram of C cycle of rice-based-three-crops cropping system 
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2.5 Greenhouse gas emissions under crop establishment practices 
Emission of GHG from rice fields is very sensitive to crop establishment techniques and 
management practices (Wassmann et al., 2004). It is complicated because the rice crop 
establishment methods that reduce methane (CH4) emission generally increase N2O emission. 
Methods/ and strategies need to be developed which would minimize both the GHGs (Wassmann 
et al., 2004). As the low soil oxygen content and soil redox potential under the saturated soil 
condition of puddled soil stimulates the activity of methanogens (Sharma and De Datta, 1986), 
CH4 is the predominant GHG emission from conventional puddled transplanted rice (Pathak et 
al., 2011). No-tillage reduced CH4 emissions with rice straw placed on the soil surface and the 
soils under those conditions were more oxidised than those of conventional practice (Bayer et al., 
2012; Harada et al., 2007).  
The direct seeding of rice under dry condition (DSR) decreased CH4 emission as DSR fields were 
not continuously submerged with water (Ko and Kang, 2000; Pathak et al., 2012) but the DSR 
increased N2O emission due to the aerobic conditions. The overall net effect of DSR is to 
decrease the GWP by a quarter (16–33 %) if the entire area of the IGP under CT could be 
converted to DSR for the rice-based cropping system (Pathak and Aggarwal, 2012). The 
resource-saving technology, SRI also had 1.5 times greater N2O release due to the increased soil 
aeration (Peng et al., 2011; Hou et al., 2012). Conventional tillage followed by dry DSR has the 
potential to drastically reduce CH4 emissions by up to 60 %, though it is known to create 
conditions for the emission of N2O (Majumdar, 2003; Ishibashi et al., 2007 and Liu et al., 2014). 
Overall, the GWP could be decreased as the increase in GWP due to N2O emissions could be 
more than offset by the decrease in CH4 emissions, provided excess fertilizer-N is not applied 
(Liu et al., 2014). Chakraborty et al. (2017) in a global data meta-analysis found that CH4 
emissions were also significantly lower in conventional tillage DSR under wet and dry 
conditions, and zero tillage direct seeding of rice under wet condition. The largest CH4 emission 
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reduction (63 %) was recorded in zero till DSR under dry condition while the reduction in 
conventional till DSR under dry condition was 44 % and under wet condition, in conventional till 
DSR, CH4 emission was 60 % less than in conventional puddled transplanting of rice under wet 
condition. The N2O emissions was increased by 34 % in conventional tillage DSR while under 
non-puddled transplanting under wet condition and zero tillage DSR under dry condition N2O 
emissions remained unchanged.  
The three major GHGs emitted from crop fields are the products of biogeochemical cycles of C 
and N. The change in C and N turnover and storage in soils by replacement of conventional 
practices with modified establishment practices under CA principles may alter the biochemical 
and geochemical processes which may lead to changes in emissions (fluxes) (Li et al., 2004). The 
trade–off between CH4 and N2O resulting from soil, water or chemical management is a major 
hurdle in reducing GWP of wetland rice in rice-upland triple cropping systems (Wassmann et al., 
2004). Crop establishment strategies that would reduce emissions of both CH4 and N2O at the 
same time would be ideal for fitting in the rice–based systems as alternatives for conventional 
practices (Malik et al., 2009). The emerging NP of rice using bed planting, or strip planting, as a 
form of CA for rice establishment, can be an alternative to reduce emissions of CH4 and N2O and 
GWP but their effects on GWP needs further studies. 
The long-term minimum disturbance of soil might increase soil pores and creates pore continuity 
in soil (Verhulst et al., 2010; Alam et al., 2014, 2018). The continuous pores in soil might 
increase water infiltration and percolation into soil which through O2 diffusion might also reduce 
CH4 synthesis and emission (Wassmann et al., 1993).  
2.6 Mid-season wetting and drying of soils and GHG implications 
Soil moisture influences soil processes (methanogenesis, respiration, nitrification/ denitrification) 
responsible for biogenic emissions of GHGs (Figure 2.10) (Sass et al., 1992; Johnson et al., 1994; 
Ratering and Conrad, 1998). In general, increasing soil moisture would increase CO2 and N2O 
evolution up to an optimum level, above which it would reduce CO2 and N2O emission but 
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increase CH4 emission due to restricted availability of O2. Periodic drying and wetting of soil has 
a pronounced influence on CO2 and N2O emission. With the rewetting of soils the suppressed 
microbial activity switches up with the release of air trapped in the soil pores contributing to an 
increase in CO2 evolution (Orchard and Cook, 1983). Investigations confirmed that N losses are 
stimulated by cyclic anaerobic and aerobic scenarios (Latey et al., 1981), especially through the 
emission of N2O (Flessa and Beese, 1995). Cai et al. (1997) observed N2O flush in irrigated rice 
fields after floodwater was drained out. Since N2O production from both nitrification and 
denitrification processes is sensitive to O2 concentration, there are reasons to suspect that 
flooding (anaerobic condition) and draining (aerobic condition) of a soil will influence N2O 
emissions. Though diffusive transport of gases is severely restricted in waterlogged soil, N2O can 
be produced and emitted to the atmosphere in soils under paddy (Figure 2.10). 
The denitrification process not only exists in the upper flooded cultivated layer, but also in the 
underground saturated soil layer (Xing et al., 2002). During the rice growing season, with 
alternate dry-wet periods and wetland rice-winter upland crop rotation, N2O produced in the 
underground saturated soil layer could move upwards accompanied with water evaporation and 
be released as atmospheric N2O (Xing et al., 2009). Furthermore, N containing gases, which are 
generated from soil microbial processes, can also be emitted to the atmosphere through rice root-
stem tissue, although such gases diffuse slowly and can be detained in the saturated soil layer. 
Yan et al. (2000) concluded that N2O was released mainly through rice plants in the presence of 
floodwater while release was through the soil surface in the absence of floodwater. Qin et al. 
(2010) further reported that under moist soil conditions, soluble N from mineral fertilizers results 
in higher levels of N2O than the bound organic N. Soil moisture and the availability of C 
enhances the production of N2O, provided that a suitable nitrate source is available. 
While N2O emissions are generally low during flooding periods, substantial amounts could be 
emitted during fallow period (Abao et al., 2000) and during alternate flooding–drying cycle as in 
porous soils (Aulakh et al., 2001). Aulakh et al. (2001) reported N2O production in a well-drained 
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sandy loam soil ranging from 15–60 g N2O–N ha
−1 d−1 during pre-rice fallow period and 15–450 
g N2O–N ha
−1 d−1 during rice growing season. In Northwest India, N2O emission rates during 
post-rice fallow and wheat crop were 20–43 and 5–33 g N2O–N ha
−1 d−1 resulting in seasonal flux 
of 2.6–3.4 kg N2O–N ha
−1 (Aulakh et al., 2001). 
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Figure 2.10 Conceptual diagram of soil processes responsible for greenhouse gas synthesis and emissions under the contrasting wetting and drying 
conditions in rice-based cropping systems. Under aerobic condition, soil hterotrphic respiration, nitrification processes are dominant to emit CO2 and 
N2O, while methanogenesis and denitrification are dominant under anaerobic condition, emanating CH4 mainly and small of N2O to the atmosphere. 
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The water regime of rice soil is a major factor controlling CH4 emission (Sass et al., 1992; Adhya 
et al., 1994; Yagi et al., 1996). Sass et al. (1992) reported that repeated drainage and aeration 
decreased CH4 emission by 12 % compared to continuous flooding. One or more drainage events 
have also been reported to decrease CH4 emission (Yagi et al., 1996; Ratering and Conrad, 1998). 
As a reduction in CH4 emission by mid-season drainage (aeration) was observed in the early field 
measurement in Japan (Yagi and Minami, 1990), mid-season drainage by stopping irrigation 
supplies oxygen into soil, resulting in a reduction of CH4 emission and a possible enhancement of 
CH4 oxidation in soil. Sass et al. (1992) tested four water management methods and demonstrated 
that CH4 emission rates varied markedly with water regime, showing the lowest emission with 
multiple intermittent draining practices. A reduction in CH4 emission by intermittent irrigation or 
drainage is also reported in Chinese paddy fields (Chen et al., 1993; Cai et al., 1994). 
In Texas rice fields, average CH4 emission was 106 mg m
-2 d-1 for classical continuous irrigation, 
56 mg m-2 d-1 when the field was drained in the middle of the cropping cycle, 13 mg m-2 d-1 when 
the field was drained three times and 151 mg m-2 d-1 for a late continuous irrigation (Sass et al., 
1992). Temporary drainage induces the formation of sulphate and ferric ion, which allows the 
development competition for H2 between methanogens and sulphate reducers + ferro-reducers, 
which in turn induces an inhibition of methanogenesis that persists after soil reflooding (Ratering 
and Conrad, 1998). Water management between crops is also an important factor. A dry fallow 
emitted less CH4 during the next crop cycle than a wet fallow (Trolldenier, 1995). Increasing 
water percolation in soil might also reduce CH4 emission (Wassman et al., 1993).  
During the upland wheat crop and the fallow periods, the soils may either consume CH4 (Singh et 
al., 1996) or act as a small source of CH4 (Abao et al., 2000). Fertilizer application generally 
reduces CH4 uptake rates (Singh et al., 1996), so that intensification of wheat production may 
further reduce the impact of this crop against CH4 emissions during the rice crop. The 
composition of organic residues, however, could become a factor when wetland rice–upland 
wheat system is compared to wetland rice–upland legume rotations. In rice fields applied with 
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residues from the preceding season, CH4 emissions were reduced by app. 50% when cowpea was 
grown instead of wheat (Abao et al., 2000). 
The available CH4 emission records from rice fields in Central China showed a relatively high 
background level of CH4 emissions ranging from 200 to 900 kg CH4 ha
−1 under mineral 
fertilization (Zheng et al., 1997) and up to 1100 kg CH4 ha
−1 following organic amendments 
(Khalil et al., 1998). Emission records from Northern India were consistently lower and did not 
exceed 30 kg CH4 ha
−1 under mineral fertilization (Mitra et al., 1999) and 50 kg CH4 ha
−1 under 
organic treatment (Debnath et al., 1996). The Indo-Gangetic plains have predominantly porous 
soils, which distinguish themselves with high infiltration rates. Thus, floodwater cannot be 
retained continuously in these soils and has to be replenished frequently by the farmer. These 
high percolating rates imply high oxygen input into the soil which impedes CH4 emissions even 
under high organic inputs (Jain et al., 2000). 
CH4 emission rates show a short-term peak at the beginning of soil aeration due to the release of 
soil-entrapped CH4 that is followed by persistently low emissions even when the fields are 
reflooded (Wassmann et al., 2000). 
The effect of lower CH4 emissions can be explained by both the regeneration of oxidants e.g. Fe
+3 
and sulfate (Conrad, 2002), and a decreasing abundance of methanogenic archaea after extended 
periods of aerated soil conditions following upland crop cultivation (Breidenbach and Conrad 
2015; Breidenbach et al., 2017). The increased availability of oxidants and a lack of methanogens 
results in a delayed onset of CH4 production at the beginning of WS paddy rice cultivation. 
 
Production pathways of methane and carbon di-oxide  
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2.7 Carbon footprint 
The carbon footprint (CF) of a process or system is theoretically an indicator of GWP. “Carbon 
footprint is an aggregate of GHG emissions measured directly or indirectly (expressed in tonnes 
of carbon dioxide (CO2)) over the full life cycle of an activity, service, event or a product which 
includes emissions from the product itself and the supply of things required for the activity, event 
or product.”  
East (2008) also described CF as a direct measure of greenhouse gas (GHG) emissions (expressed 
in tonnes of CO2) caused by a defined activity, while Carbon Trust (2008) commonly use the CF 
term to describe the total amount of CO2 and other GHGs emissions for which an individual or 
organization is responsible. Other terms used or applied as a synonyms of CF are embodied 
carbon, carbon content, embedded carbon, carbon flows, virtual carbon, GHG footprint and 
climate footprint (Wiedmann and Minx, 2007; Courchene and Allan, 2008; Edgar and Peters, 
2009; Peters, 2010). Overall, the cumulative amount of CO2eq emissions over the life stages of 
any service or product is the C footprint of the services, products or any processes causing GHG 
emissions (Wiedmann and Minx, 2007; MCI, 2008). A CF is often expressed as tonnes of CO2 or 
tonnes of carbon emitted, usually on an annual basis (Tree Vestors, 2008). 
Therefore, carbon footprint may be defined as, “the quantity of GHGs expressed in terms of 
CO2eq, emitted into the atmosphere by an individual, organization, process, product, or event 
from within a specified boundary”. The set of GHGs and boundaries are defined in accordance 
with the methodology adopted and the objective of carbon footprinting. But CO2eq mass has been 
promoted as unit of carbon footprint due to convenient calculations and wide acceptance (Lynas 
2007). 
 
2.8 Importance of Carbon Footprint 
Agriculture contributes an important part of GHG emission occurring in the world as global soils 
contain about twice as much C (1550 Pg) as the atmosphere (750 Pg) (Pg, 105 g), and they have 
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the potential to store and release C (Campbell and Zentner 1993). Feeding the ever-increasing 
world population with intensified crop production and simultaneously mitigating climate 
change through reducing GHG emissions are major global challenges. Agriculture contributes 
12-17 % of global GHG emission (Smith et al., 2007), while global food production and 
consumption share of 20 % of total anthropogenic GHG emissions (Hertwich and Peters, 2009). 
The contributions may increase further in the coming years (Smith and Gregory, 2013) with 
increasing dependence on global-warming-causing inputs. Due importance has to be given in 
GHG mitigation in agricultural production, processing, distribution and consumption by assessing 
the CF for production of different crops. The CF of crop production could be quantified by taking 
into account the overall GHGs emissions from agricultural inputs used for crop production and 
protection and farm machinery in a single whole cycle of crop production (Adler et al., 2007). 
Identifying hotspots and stages of crop production by characterizing the CFs of crop production 
through life cycle assessment (LCA) are crucial for finding the solutions to mitigate GHG 
emission and at the same time to improve crop productivity in the near future.  
Carbon footprints have been evaluated for staple crops (Hillier et al., 2009), under different 
tillage practices (West and Marland, 2002) and farming systems (Dubey and Lal, 2009) as well as 
for a bulk sector of crop production around the world (Cheng et al., 2011). The mean CF of major 
crops from the UK was reported as 1290 kg CO2eq ha
-1 year-1, 75 % of which was contributed by 
nitrogen (N) fertilizer use (Hillier et al., 2009). Dubey and Lal (2009) reported a higher CF for 
agricultural productions in Punjab, India (83.8 g CO2eq kg
-1 biomass) than that of Ohio in the 
USA (34.9 g CO2eq kg
-1 biomass). For agricultural practice, the study by West and Marland 
(2002) showed a lower CF in crop production under no-tillage than under conventional tillage in 
the USA. However, estimating crop and regional-specific CFs would be important for 
understanding the crop and regional variation and identifying crop and regional-specific 
mitigation options.  
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The methodologies for CF calculations have improved a lot and are still evolving. Standards of 
GHG accounting are the common resources used in footprint calculations. Carbon footprinting is 
intended to be a tool to guide the relevant emission cuts and verifications: its standardization at 
international level is therefore necessary (Pandey et al., 2010). 
Unlike non-biological processes of production, agricultural production includes emissions related 
to inputs and emissions from soil-water-plant (biological) interface through biogeochemical 
cycles. Agricultural production processes start with fossil fuel use for mining, production, and 
transporting to paddock of all inputs which releases CO2 and other GHGs into the atmosphere 
(Figure 2.11). Through photosynthetic physiological mechanism, plant absorbs C into its 
biomass. Thus, if crop specific calculations are considered on a unit of land by accumulating C 
released from utilizing inputs as well as the C emitted from the bio-geological interface by the 
practice adopted, an estimation of net C footprint can be gained. To estimate C footprint of 
agricultural production, LCA approach can be applied (Biswas et al., 2008; Brentrup and Palliere, 
2008). 
 
Figure 2.11. Conceptual diagram of workflow, types and boundary of C footprint, methods of 
estimation, the climate change allocation and implications of the footprint (Modified from ISO 
14044, 2006).  
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2.8 Life Cycle Assessment (LCA) 
 The holistic, LCA is frequently undertaken in an attempt to account for all GHGs emitted and the 
wide range of environmental impacts of crop production systems (Figure 2.11).  The LCA 
method was first introduced in the late 1960s when the Coca-Cola Company analysed its 
beverage packaging (Hu et al., 1997). A LCA has the advantage of identifying the environmental 
impacts of all stages in the production cycle. Furthermore, a LCA enables evaluation of 
environmental impacts for comparative and improvement purposes (Biswas et al., 2008). 
According to ISO14040 (2006), LCA addresses the environmental aspects and potential 
environmental impacts throughout a product’s whole life cycle (ISO, 2012). The LCA approach 
is now applied for any production process where all inputs, outputs and other environmental 
concerns are estimated in terms of environmental issues (carbon dioxide equivalent emissions) 
within a system boundary of the production process in four different steps (the goal and scope 
definition, the inventory analysis, the impact assessment and interpretation phase, respectively) 
(Figure 2.12). 
 
Figure 2.12 Phases of LCA and their interrelations 
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2.9.1 Allocation of LCA  
The LCA tool is used for determining environmental impact of crop production through including 
information about an entire system for a product or service at the three primary life phases: 
production phase, use phase and post-life phase (Figure 2.13). ISO 14044 (2006) defined 
allocation in general as “partitioning the input and/or output flows of a process to the product 
system under study”. Life cycle assessment studies which invole co-products should have 
allocation defined because it is extremely significant in the LCAs. It also has significant impact 
on final result/outcome of the study. Kim and Dale (2002) stated that allocation results for a 
multi-output process in a life cycle assessment study depend on the definition of the unit 
process which can vary with the depth of a study. In the joint process and the physically 
separated process of manufacturing and production, which deliver two or more functions, 
allocation is required (Kim and Dale, 2002). 
Allocation can be executed with both mass and economic methodologies to facilitate a 
comparison of results. Hetherington et al. (2011) did economic allocation based on market prices, 
combined with the mass balance and entailed that within the extraction stage, 76.9 % and 82.4 % 
of the impacts were allocated to Rapeseed Oil and Sunflower Seed Oil, respectively, rather than 
their meal co-products. When this was changed to mass allocation, the oils both had the reduced 
figure of 40 % allocated to them. Within the refining stage, economic allocation attributed both 
oils with 66.7 % of the load, whereas mass allocation increased this to 96.5%. 
Although there are difficulties in applying LCA in agriculture, progress has been made with 
incorporation of on-farm emission of grain production into pre-farm and post-farm value chains 
of products so that a complete CF of agricultural processes from production to consumption can 
be calculated (Blengini and Busto, 2009; Meisterling et al., 2009). In contrast to industrial 
systems, agriculture is characterized by intermittent GHG fluxes from nonpoint sources and a 
high degree of system variability depending on weather and climatic conditions, soil type, and 
agricultural practices (Miller et al., 2006).  
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2.9.2 Determination of goal and scope in LCA  
The first step in LCA is the definition of the goal and scope of the study. This step defines the 
reasons for the LCA study and the intended use of the results. For LCA studies in the agricultural 
sector, this could be for instance to investigate the environmental impacts of different intensities 
in crop production or to analyze the advantages and disadvantages of intensive or extensive 
arable farming systems. Furthermore, this step describes the system under investigation, its 
function, and boundaries. Subsequently, a reference unit (functional unit; ISO, 14040) is defined, 
to which all environmental impacts are related to, and which should represent the function of the 
analyzed system. 
Goal and Scope Definition is aimed at identifying the objectives, functional unit, system 
boundaries, cut-off criteria, data sources and data quality requirements (Blengini and Busto, 
2009). The goal definition and scoping phase defines and describes the product, process or 
activity to be studied and specifies the overarching goal underlying the research, its scope and 
objectives. The boundaries of the system and functional units to be assessed are also specified. It 
establishes the context in which the assessment is to be made and identifies the environmental 
effects to be reviewed for the assessment (Thanawong, 2014). 
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Figure 2.13 Conceptual diagram of steps and stages LCA of rice crop production from cradle to grave boundary and its different allocations (Modified 
from Roy et al. 2005, 2007)  
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2.9.2.1 Goal setting 
The goal is accomplished with a defined system boundary and functional unit. 
2.9.2.2 System boundary 
To ensure the accuracy of LCA results, choice of system boundary in the goal and scope 
definition is crucial. The setting of system boundaries determines which processes will be 
included in the analysis and which will be left out, whether intentionally or unintentionally. If the 
boundary is set too narrowly, some important impacts may be undetected. If it is set too broadly, 
impacts other than those generated by the process of interest may be included (Blengini and 
Busto, 2009). Cooper et al. (2011) suggested that if the farm gate is the system boundary, the 
differences in emissions due to transport and processing of products are ignored as are differences 
in the end use of the product and its by-products. 
2.9.2.3 Functional unit 
Functional unit (FU) is especially important in comparative studies to ensure fair comparison. 
The FU is a measure of the function of the studied system and it provides a reference to which the 
inputs and outputs can be related and enables comparison of different systems (Klopffer and 
Grahl, 2014; ISO 14044, 2006). Bentrup et al. (2003) recommended that the appropriate FU for 
an agricultural system is one tonne of grain. Changing of FU can change the amount of impact for 
the production of any product, service or material (Maruyama et al., 2009). As for example, if 
unit area is used as FU, energy use and environmental impact of super high-yield rice production 
(8.0 t CO2eq) was higher than conventional production (7.5 t CO2eq). On the other hand, if one 
kg of brown rice is used as the FU, GHG emissions (1.0 kg CO2eq per 1 kg of brown rice) for the 
super high-yield rice production were lesser than conventional production (1.39 kg CO2eq) 
(Maruyama et al., 2009). Gathorne-Hardy (2013) concluded that two or more FUs for analysis 
can thus be used to reflect the bottom-up and top-down approaches to evaluating rice production, 
respectively. According to Charles et al. (2006), in assessing the efficiency of a production 
system for a particular crop (e.g. wheat), the FU should be a tonne of grain, whereas the hectare 
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should be used in analysing production intensity. Nemecek et al. (2011a) proposed utilizing three 
FU’s to consider the following aspects of agricultural production. 
1. Land management function describes the cultivation of land to minimise the environmental 
impacts in terms of area and time, while maintaining the agricultural production. 
2. Productive function: Production of food, feed or biomass for other uses (bioenergy, renewable 
materials) to minimise the environmental impacts in terms of product units (e.g. impact per kg of 
dry matter (DM) or MJ of energy produced). 
3. Financial function: As income is the main motivation for agricultural production of the farmer, 
the FU is impact per $, measured with different economic indicators. 
 
2.10 Life Cycle Inventory (LCI) 
The inventory analysis compiles all resources that are needed for and all emissions that are 
released by the specific system under investigation and relates them to the defined FU (ISO 
14044, 2006). Blengini and Busto (2009) described the LCI as a detailed compilation of all the 
environmental inputs (material and energy) and outputs (air, water and solid emissions) at each 
stage of the life cycle.  
The purpose of the LCI is to build a system model according to the requirement of the goal and 
scope definition (Figure 2.14). This phase identifies and quantifies energy, water, inputs and 
materials usage and environmental releases associated with each stage of production (e.g., air 
emissions, solid waste disposal, waste water discharges). This stage of LCA is critical because of 
the LCI results are needed to perform any type of quantitative impact assessment (Thanawong, 
2014). Life Cycle Inventory comprises inputs (e.g., emissions related to fertilizers, machinery, 
fungicides, insecticides, herbicides manufacture and transportation) and outputs in terms of major 
GHGs (e.g., CO2, CH4 and N2O) of pre-farm and on-farm stages of rice production.  
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Figure 2.14 Relationship of Life Cycle Inventory data with other stages of LCA  
2.10.1 Pre–farm emissions 
Greenhouse gas emissions of activities related to input production (chemicals, energy and 
machinery) and their delivery to the field need to be estimated for an inclusive and transparent 
LCI (Bentrup, 2009). Inputs (fertilizers, pesticides, lime, water and fossil fuel energy) are 
indispensable for crop production. The production, formulation, storage, distribution of these 
inputs and their application with mechanized equipment lead to combustion of fossil fuel and use 
of energy, which also emits CO2 and other GHGs into the atmosphere.  
 
2.10.1.1 Chemicals 
The GHG emissions from the production of chemicals (fertilizers, insecticides, herbicides, 
fungicides etc.) are calculated so that the emission factors reflect the situation in the locality of 
estimation of LCA GHG.  
 
2.10.1.2 Chemicals for crop nutrition  
Mineral and organic fertilizers are applied to balance the gap between the nutrients required for 
optimal crop development and the nutrients supplied by the soil and by available organic sources 
(Bentrup, 2009). These chemicals are energy intensive to produce, create waste and contribute to 
GHG emissions as one of the most important secondary sources of emission. So, C equivalent 
emission in relation to production, packaging, storage and distribution of fertilizers are important 
aspect to include in consideration for a standard LCA GHG estimation. The GHGs associated 
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with fertilizer production vary according to processing technologies and energy sources (Wood 
and Cowie, 2004; Cherubini, 2010) which are different from country to country or continent to 
continent.  
Provision of N fertilizer consumes the highest share of GHGs emitted associated with the input 
supply. The production of N fertilizer alone was estimated to release 410 Tg CO2eq year
-1, which 
is equivalent to 0.8 % of the global GHG emissions (Bentrup, 2009). Feedstock to be used for N 
fertilizer production influences the environmental burdens of the most important plant nutrient. 
Natural gas is the preferred hydrocarbon feedstock (Engelstad, 1985) with approximately 80 % of 
world ammonia capacity being based on natural gas (EFMA, 2000; Patyk, 1996). With European 
Union Best Available Technology (EU BAT) and natural gas as energy source, the EF of N 
production, packing and delivering are 3.6, 7.8 and 8.1 kg CO2eq kg
-1 N content of the fertilizer.  
Lal et al. (1999) and West and Marland (2002) reported that emissions for the production of N 
fertilizers are about 3.0 kg and 2.97-3.15 kg CO2eq kg
-1 of N, respectively. Izaurralde et al. 
(1997) reported a value of 5.5 kg CO2 kg
-1 of N, which also included application of fertilizer N. 
Pach (2007) concluded that a typical ammonia plant emits 2.5 kg of CO2 kg
-1 of NH3-N. Wood 
and Cowie (2004) listed 10 studies estimating GHG emission factors for NH3 production, mainly 
from ammonia plants in Europe and North America. The emission factors they reported ranged 
from 1.4 to 2.6 kg CO2 kg
-1 of N. Adviento-Borbe et al. (2007) used a coefficient of 4.05 kg CO2 
kg-1 N in their study of irrigated corn in Nebraska, while Robertson et al. (2000) used 4.51 kg 
CO2 kg
-1 N for crop rotations in Michigan. Mosier et al. (2006) used a figure of 3.0 kg CO2 kg
-1 N 
for urea-ammonium nitrate fertiliser in irrigated corn in Colorado. Brentrup and Palliere (2008) 
and Williams et al. (2010) estimated the main burdens (European average) for producing, packing 
and delivering N at plant gate were 1.59 kg CO2eq for urea, 6.2 CO2eq for ammonium nitrate, per 
kg of the product.  
Production of phosphorus-containing fertilizers requires fossil-fuel energy for mining and 
beneficiation of phosphate ore, sulphur production (by product at crude oil refinery), sulfuric acid 
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production, superphosphate manufacturing, and granulation and transport of the final product 
(Jenssen and Kongshaug, 2003). Transport often represents an important share of P fertilizers CF 
because of the low concentration of phosphate rock and because the world reserves are 
concentrated in few places. The world average CF of P fertilizers production has been estimated 
at 3.1 kg CO2eq kg
-1 P (Kool et al., 2012), while in a review of literature, Linderholm et al. 
(2012) found GHG emissions from average P fertilizer production ranging from 4.12 to 25 kg 
CO2eq kg
-1 P. West and Marland (2002) reported that emissions for the production is 0.85 kg 
CO2eq kg
-1 of P. West and Marland (2002) also reported the direct CO2 emission from the 
manufacture and transport of fertilizer as 1.40 kg CO2 kg
-1 of P, while Brentrup and Palliere 
(2008) and Williams et al. (2010) estimated the European average of CO2eq emissions for 
producing, packing, and delivering SSP and TSP at plant gate were 0.6 kg CO2eq, 1.66 kg of the 
product.  
Potash fertilizer production is mainly based on mining soluble ores such as sylvite KCl), which 
are predominantly found in large deposits in the northern hemisphere (Ciceri et al., 2015). The 
fertilizer production process involves fossil energy use in mining and processing of the ores, 
transport and packaging of the final products. The average CF of potash fertilizers has been 
estimated to range from 0.23 to 1.91 kg CO2eq kg
-1 K2O (Kool et al., 2012).  
Carbon footprint analysis of sulphur containing calcined gypsum production in the Czech 
Republic has been estimated. Natural gypsum and flue gas desulfurization (FGD) gypsum are the 
main raw gypsum sources. With primary data and regional factors taken into account, CF of 
calcined gypsum manufacturing from FGD gypsum is 105.3 kg CO2 t
-1. Application of natural 
gypsum for calcined gypsum production results in 140.7 kg CO2 t
-1 (Fořt and Černý, 2018). 
Micronutrients are also applied to agricultural soils to replenish amounts extracted with harvested 
yields and overcome soil deficits. There is a lack of published information related to the CF of 
micronutrient fertilizers. 
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In contrast to chemical fertilizers, energy input is much less for nutrients from animal manure 
(Stout, 1990). The CO2eq of fresh manure is estimated at 26–29 g kg
-1 manure. The nutrient 
composition of manure varies widely, and may contain 0.484 kg N, 0.23 kg P and 0.51 kg K per 
100 kg of fresh manure (Stout, 1990). 
 
2.10.1.3 The C footprint of electricity production  
The CF of electricity production includes direct emissions from plant operation and indirect 
emissions from fuel provision and infrastructure (Turconi et al., 2013). The relative share of each 
stage and the resulting total CF has a wide variability, depending on the type of technology 
employed and its specific characteristics. For thermal electricity generation with fossil fuels, the 
CF is typically highest for coal, with a median value of 1.001 kg CO2eq kWh
-1 (Whitaker et al., 
2012), followed by diesel (0.72 kg CO2eq kWh
-1) (Amponsah et al., 2014). Emissions from 
natural gas-based electricity are typically lower, although there are significant differences 
between natural gas-fired combustion turbines, with a median value of 0.67 kg CO2eq kWh
-1, and 
combined-cycle systems, with a median value of 0.45 kg CO2eq kWh
-1 (O’Donoughue et al., 
2014). GHG emissions from nuclear-based electricity production are the lowest among non-
renewable electricity sources, ranging between 0.10 and 0.131 kg CO2eq kWh
-1 (Lenzen, 2008; 
Warner and Heath, 2012). The estimations of the CF of renewable electricity sources typically 
lead to lower values than those of fossil fuels. Asdrubali et al. (2015) estimated average emissions 
of 9, 12, 29, 31 and 34 g CO2eq kWh
-1 for wind, hydropower, photovoltaic, concentrated solar 
power and geothermal electricity production, respectively. Worst-case scenario emission values 
for renewable technologies might rise up to 124, 75, 300, 150 and 78 g CO2eq kWh
-1 for wind, 
hydropower, photovoltaic, concentrated solar power and geothermal electricity production, 
respectively (Amponsah et al., 2014), still significantly lower than fossil fuels. Additional energy 
costs are added for transporting electricity, including infrastructure production and maintenance 
and grid losses (Aguilera et al., 2015). 
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2.10.1.4 Chemicals for plant protection (GHG emissions from production of pesticides)  
In order to control weeds, pests and diseases, farmers apply chemicals such as herbicides, 
fungicides and insecticides to crops. Pesticides are input at a specified active ingredient 
application rate (kg a.i. per hectare). Estimation of emissions associated with pesticides is 
complex; energy consumption in pesticide production will depend on the composition and the 
manufacturing processes employed. Pesticides are almost entirely produced from crude petroleum 
or natural gas products (West and Marland, 2002). Emissions from pesticides are therefore related 
to the energy input both from the material used as feedstock and the direct energy inputs. Carbon 
dioxide emissions from production of pesticides consist of emissions from the manufacture of the 
active ingredient, from the formulation of the active ingredients and those from packaging, 
transportation, and application of the pesticide formulation (FAO, 2017). 
Pesticides are also extremely C-intensive, and their use is increasing rapidly worldwide, 
especially in India, China, Brazil and other emerging economies. Equivalent CO2eq emissions for 
pesticides were calculated using the EFs of 25.5 kg CO2 eq kg
-1 a.i. derived from Audley et al. 
(2009).  Estimates of emission range from 6.23 to 46.2 kg CO2eq kg
-1 a.i. for herbicides (with a 
mean value of 23.1–9.9 kg CO2eq kg
-1 a.i.), from 4.4 to 29.7 kg CO2 kg
-1 a.i. for insecticides 
(18.7–11 kg CO2 kg
-1 a.i.) and from 4.4 to 29.3 kg CO2eq kg
-1 a.i. for fungicides (14.3–8.1 kg 
CO2eq kg
-1 a.i.). West and Marland (2002) estimated 16.1, 16.9 and 17.6 kg CO2eq kg
-1 a.i. for 
production, packaging and transport of herbicides, insecticides and fungicides. Additional energy 
(1.47 kg CO2eq kg
-1 a.i.) is required for formulations (Green, 1987). A factor of 0.069 kg CO2eq 
MJ-1 pesticide energy can be used to convert these to the GWP (100 years). The pesticide energy 
input of 1364 MJ ha-1 thus corresponds to a weighted average GHG emission of 94 kg CO2eq ha
-1 
of arable crop. If electricity is all generated using hydro or nuclear power, and emitting very little 
carbon, then this factor declines to 0.049 CO2eq ha
-1 (Audsley et al., 2009).  
The results show that pesticide manufacturing represents about 3 % of the 100-year Global 
Warming Potential (GWP) from arable crops (Audsley et al., 2009). 
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2.10.1.5 GHG emissions from production, amortisation and maintenance of farm machinery 
and equipment  
A complete LCI includes the contribution of production of farm machinery. Machinery 
production emissions usually represent a small fraction of the total GHG balance of agricultural 
systems (West and Marland, 2002), despite its economic significance (Mobtaker et al., 2010). 
Agricultural mechanisation (the use of machinery and equipment for crop production) is involved 
with two kinds of emissions. The direct emissions are caused by the burning of fossil fuel during 
field operations and are excluded from pre-farm emissions. The indirect emissions arise from the 
manufacture of farm machinery, amortization, delivery to the paddock and maintenance of the 
machines (Nemecek and Kagi, 2007). A detailed analysis for every machine is impossible due to 
the workload and missing data. The only practical way is to estimate GHG emissions on the basis 
of energy consumption in manufacturing. For example: 86.7 MJ is needed to produce 1 kg 
machinery; therefore, emission is: 74 g MJ-1 x 86.7 MJ kg-1 = 6.416 kg CO2 kg
-1 machine. The 
USA input/output database contains environmental emission data for the manufacture of US$1 
equivalent farm machinery. After determining the machinery cost in line with 1998 US$ for one 
tonne of rice production, it was multiplied by the GHG emission factor of machinery 
manufacturing (0.15 kg CO2eq US$
-1) (Biswas et al., 2008; Barton et al., 2014).  
 
2.10.1.6 GHG contribution of transport 
Various databases are available for the estimation of the GHGs from the transport of inputs to the 
field including INFRAS, (2010), Kitzes (2013), HBEFA (2014), World Resource Institute and 
WBCSD (2013). The GHG emissions depend on mode of transport and the type of transport 
(light-weight or heavy weight vehicles). A variety of road transport modes including shipping 
(light or heavy), and trucks (light or heavy) are used to transport inputs from factory gate to the 
farm in tonne-kilometres (tkm). When inputs are transported by sea on an ocean-going freighter, 
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a sole sea passage from the port nearest to the manufacturer and to the user are estimated (Alam 
et al., 2016, Biswas et al., 2008, and Barton et al., 2014).  
Pretty et al. (2005) studied the environmental costs of agricultural production practices and food 
miles in the UK and indicated that domestic road transport from farm to point-of-sale comprises 
the largest share of externalities (29 %) attributed to the British food basket. A trade-off may exist 
between GHG emissions from production and emissions from transport (Meisterling et al., 2009). 
2.10.1.7 Irrigation installation 
In addition to water application, there are irrigation installation costs ranging from 44.5 to 444.8 
kg CO2eq ha
-1. Solid set sprinklers are the most C intensive (444.8 kg CO2eq ha
-1), followed by 
trickle (311.3 kg CO2eq ha
-1), permanent sprinkle (130.2 kg CO2eq ha
-1). Surface irrigation 
without the provision of irrigation runoff return system has the lowest installation energy 
requirement in terms of kg CO2eq ha
-1 (34.47 kg CO2eq ha
-1) (Batty and Keller, 1980). Batty et 
al. (1975) reported that installation (indirect) energy of an irrigation system represents only 5 to 
27 % of direct (pumping) energy costs.  
2.10.2 On-farm GHG emissions 
2.10.2.1 On-farm contribution by farm machinery use 
The energy input and the CO2eq emission contribution through land preparation, seed bed 
preparation, seed sowing, transplanting, fertilizer and pesticide application, intercultural 
operations, irrigation, harvesting, carrying, threshing and drying expressed as human labour, seed, 
fertilizer, pesticide and fuel use for irrigation and land preparation should be included in LCI of a 
LCA estimation (ISO 14044, 2006; Khan and Hossain, 2007; Alam et al., 2016). 
Depending on the type of crop cultivation, the GHG consumption of farm machinery use varies. 
IRRI (2013) found GHG emissions from conventional rice production are largely associated with 
its water use via two mechanisms; first, through the embodied emissions associated with 
irrigation provision and second, from flooded soils which create the anaerobic soil environments 
that drive microbial methane production. 
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Mrini et al. (2001), Topak et al. (2005b), Batty and Keller (1980) and Singh (1997) analysed 
energy use of various agricultural operations and revealed that irrigation consumes significantly 
more energy compared to other agricultural operations, and the major share of energy consumed 
by irrigation operations comes from non-renewable fossil energy.  
The emission from on-farm machinery use is mostly derived from burning of fuels for different 
farm operations (Table 2.2). Greenhouse gas emissions from the manufacture and maintenance of 
farm machinery (tractors and the implementation equipment) can be amortized to a specific 
operation depending on the size/mass, working life, operating time per unit of area, and emissions 
per unit of machinery mass (West and Marland, 2002; Lal, 2004). Fossil fuel CO2 emissions on 
croplands are estimated to be responsible for 0.4- 0.6 Gt CO2eq year
-1 in 2010 from agricultural 
use in machinery, such as tractors, irrigation pumps, etc. (AR5 IPCC, 2014).  
Lobb (1989) reported that energy use in field spraying operations was 91.1 MJ ha-1 or 6.6 kg 
CO2eq ha
-1. West and Marland (2002) reported that post-production C cost of applying pesticides 
is about 0.35 kg CO2eq kg
-1 of active ingredient (a.i.). Harvesting emissions are generated by 
different operations: crop handling by the harvest machine, loading of the harvested crop into 
trailers or trucks, and transport by trailers or trucks in the field. Emissions associated with 
harvesting may be included in LCA depending on the system boundary. If the farm-gate is the 
system boundary, only emission related to harvesting will be included in LCA. Based on the 
estimates of West and Marland (2002) and Maraseni et al. (2007), 4.7, 6.5, 0.45, and 9.5 kg 
CO2eq ha
-1 was produced for each single operation of planting, tillage, herbicide spray and 
harvesting, respectively. DCCEE (2012) estimated emissions in the production and transport of 
diesel consumed during farm operations with an emission factor of 0.4 kg CO2eq L
−1. 
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Table 2.2. Carbon emission coefficients for different fuel sources and the energy conversion units 
(Adapted from Lal, 2004; Boustead and Hancock, 1979 and Fluck, 1992). 
Fuel source/energy units C emission coefficients 
(a) One kg fuel  
Diesel 3.45 
Coal 2.16 
Gasoline 3.12 
Oil 3.70 
LPG 2.31 
Natural gas 3.12 
      (b) Units  
Million calories (mcal) 93.5 × 10-3 
Gigajoule (GJ) 20.15 
BTU 23.6 × 10-6 
Kilowatt 7.25 × 10-2 
Horsepower 5.41× 10-2 
 
2.10.2.2 Emission from irrigation provision 
Irrigation is an intensive carbon-emitting practice. Increasing use of groundwater for irrigation, 
which is prevalent in Bangladesh, is linked to high energy demand and thereby increased GHG 
emission. Irrigation requirements for different crops vary. For a rice-upland system, supplemental 
irrigation is required for upland winter crops, while wetland rice generally relies on ponding of 
rain water for easy establishment. In the EGP, crops growing in the winter season require from 80 
mm to 400 mm irrigation water season-1. The irrigated dry season rice consumes most of the 
irrigation water required for the entire cropping system, while monsoon rice only requires 
supplemental irrigation if there is insufficient rainfall during the season (Postel, 1999). According 
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to estimate of Biswas and Mandal (1993), the quantity of irrigation required for dry season rice is 
11,500 m3 ha-1.  
The total irrigation energy requirement at Tanjong Karang rice irrigation scheme in the off-season 
and the main season were 12384 MJ ha-1 and 9341 MJ ha-1, respectively. Irrigation energy 
requirement for rice production in the United States is 8950 MJ (18 % of the total energy 
requirement) (Pimentel and Pimentel, 1996). On the other hand, irrigation energy required to 
produce tomatoes is 4226 MJ ha-1 (3.1 % of the total energy requirement). Sloggett (1992) 
estimated that 23 % of the on-farm energy use for crop production in the US was for on-farm 
pumping. If water is conveyed to the farm by gravity and not pressurized, energy requirement for 
abstraction will be negligible (Fan and Miguez-Macho, 2013 and the Global Map of Irrigated 
Areas (GMIA, 2013). Keeping standing water on rice field which increases the amounts of water 
lost from the field is the main causes for higher emission from rice cultivation (IRRI, 2013).  
Irrigation of winter wheat in Punjab, India, by tubewell was estimated to emit 11–91.7 kg CO2eq 
ha-1 (Singh et al., 1999). Dvoskin et al. (1976) found that the C emission in several regions of the 
western US ranged from 26.4 to 1559 kg CO2eq ha
-1 for 25 cm of irrigation and from 194.3 to 
3117.4 kg CO2eq ha
-1 for 50 cm of irrigation. Follett (2001) estimated emission by pump 
irrigation at 550–733 kg CO2eq ha
-1 year-1 depending on the source of energy. West and Marland 
(2002) estimated emission by irrigation at 458–1045 kg CO2eq ha
-1 year-1. Some industries 
estimate emission at the rate of 1448 kg CO2eq ha
-1 for furrow irrigation and 792 kg CO2 ha
-1 for 
drip irrigation (ITRC, 1994).  
Focusing on groundwater pumping for irrigated rice, Nelson et al. (2009) found the resulting 
emissions from use of coal-fired electricity and diesel fuel are large, with an estimated release of 
58.7 million Mt CO2eq in 2000. Of this total, 95 percent comes from electric pumps using coal-
fired generation (Nelson et al., 2009). Deep wells powered by electricity are the single largest 
source of CO2 emissions from groundwater pumping which accounted for 65 percent of the total 
in 2000. In 2010, the total GHG emissions in agricultural irrigation in China were 39.04~57.03 
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Mt CO2eq, of which emissions from energy activities (water pumping and conveyance) were 
33.54~46.89 Mt, which is about 50 %~70 % of the emissions from energy activities in agriculture 
in 2005 (NDRC, 2012). In the Philippines, pumping machinery for irrigation used in pumping 
stations emits 472 kg CO2 ha
-1 (Maraseni et al., 2010).  
 
2.10.2.3 Contribution of crop establishment practices and residue retention 
Conservation agriculture practices with their C sequestration potentials influences CF of crop 
productions under different cropping systems around the world (Marble et al., 2011). Besides 
saving time and labour, no-till planting saves fossil fuel consumption, improves water use 
efficiency and thereby saves energy use and associated GHG emission during seedling 
transplantation (Harada et al., 2004; Ota, 2001). In terms of GHG emissions, it has been reported 
that no-till planting reduces methane (CH4) emissions because rice straw was placed on the soil 
surface and the soil conditions were more oxidative than those of conventional puddling 
cultivation (Ito et al., 1995; Ito, 2002). Elimination of puddling in no till planting also reduces use 
of fossil fuel and has a similar effect on savings of GHG emission (Harada et al., 2004). A 
number of studies have investigated how tillage practices may affect the CF and the published 
results are inconsistent, varying with climatic conditions, soil type, and cropping systems. In the 
tropical soils of Zimbabwe, a 9-year study found tillage and residue management significantly 
impacted SOC with conventional tillage having the least amount of SOC conserved in a Chromic 
Luvisol red clay soil (Chivenge et al., 2007). Tillage disturbance is the dominant factor reducing 
soil carbon stabilization within microaggregates in the clayey soil, whereas CA practices increase 
soil organic carbon contents. In some cases, reduced tillage in combination with additional carbon 
input from cover crops significantly improved the soil organic carbon content (Garcia-Franco et 
al., 2015; Pinheiro et al., 2015). In northwest China, wheat–maize intercropping under reduced 
tillage with stubble retention increased crop yield by 8 % and reduced greenhouse gas emissions 
by 7 % compared with conventional tillage (Hu et al., 2015). However, SOC can be gained or lost 
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depending on soil type and land use practices. Soil disturbance affects the quantity and quality of 
plant residues entering the soil, their seasonal and spatial distribution, and the ratio between 
above- and belowground inputs (Pinheiro et al., 2015; Sainju et al., 2010). Data from India show 
a linear relationship between carbon input and CO2 output; an increase of 1 Tg CO2 eq year
-1 of 
carbon input resulted in a corresponding increase in carbon output of 21 Tg CO2 eq year
-1 
(Maheswarappa et al., 2011). A study in southern Saskatchewan compared soil organic carbon 
amounts from 1995 to 2005 (Shrestha et al., 2013).  
 
2.11 Life cycle impact analysis/Life cycle impact assessment (LCIA) 
Life cycle impact analysis, the third stage of LCA, can be performed after LCI have been 
quantified. The LCIA aims at quantifying the relative importance of all the environmental 
burdens identified in the LCI by analysing their influence on selected environmental effects 
(Blengini and Busto, 2009). In the LCA method for crop production Brentrup et al. (2004) 
distinguished input-related impact categories - abiotic resource depletion and land use – and 
output-related categories e.g., global warming, acidification and eutrophication. However, not all 
researchers take all these categories into account in LCA, often limiting their analysis to CF or 
energy balance (Brentrup and Lammel, 2011). Some researchers like Mourad et al. (2007; 
Nemecek et al. (2011) expanded the list of categories to include soil quality, or biodiversity. 
Consumption of abiotic resources during fertilizer production and application mainly involves 
consumption of fuels and of phosphorus- and potassium-rich rocks, which will no longer be 
available for future generations. Resources should be differentiated, however, based on their 
functions i.e., those used as energy sources (coal, natural gas, oil) and those procured to obtain 
substrates for the fertilizer industry (phosphate, apatite, potassium salt deposits) (Brentrup et al., 
2004).  
A large variety of impacts can be analysed by the LCIA. The climate change category is almost 
identical to the so-called CF (Hellweg and Mila i Canals, 2014), which is a member of a wider 
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family of “footprints”, such as the ecological, water or energy footprints (Fang et al., 2014, 
Hoekstra and Wiedmann, 2014). The core set of LCA impacts has been complemented by other 
environmental impact categories, such as water and land use, and by social indicators, such as 
social wellbeing. In characterisation step, the potential impacts are expressed in a comparable 
way, for example converting N2O and CH4 fluxes to CO2eq.  
 
2.12 Interpretation: The last stage is the interpretation of results, to identify the possibilities for 
reducing the environmental impacts of the studied systems. This last phase evaluates the results 
of the inventory analysis and impact assessment to select the preferred product, process or service 
with a clear understanding of the uncertainty and the assumptions used to generate the results 
(Thanawong, 2014). 
2.12.1 Contributions of CO2, CH4 and N2O to LCA GHG of rice-based cropping systems 
The major GHG, CO2, accounts for 60 % of global warming. Soil contributes 20 % of the total 
emission of CO2 to the atmosphere through soil respiration, the main pathway of C moving from 
the ecosystem to the atmosphere (Smith et al., 1997). Methane accounts for 20 % of global 
warming (relative contribution; IPCC, 2001). Agriculture is the principal anthropogenic source of 
CH4. Natural CH4 sources are considered responsible for about 30 % of total emissions. 
Ruminants (80 Tg yr-1) and rice agriculture (100 Tg yr-1) are responsible for 16-20 % of total 
emissions (le Mer and Roger, 2001). The relative contribution of N2O, with 296 times GWP that 
of CO2 is 6 % to the global warming (IPCC, 2001). About 70 % of the total globally emitted N2O 
is derived from soils (Conrad, 1996) and agriculture as a whole contributes about 81 % of the 
anthropogenic N2O emissions (Brown et al., 2001). When measured against the total greenhouse 
gas emissions of a country, the amount of methane emitted from rice fields ranges from only 0.1 
% as in USA in 2005 to about 9.8 % as in India in 2006 (Table 2.3).  
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Current estimates of the contribution of CH4 emissions from rice paddies range from 0.5 to 35 % 
of total CH4 emissions. In Europe, seven countries report CH4 emissions from rice production, 
accounting between 0.1 and 3.7 % of the CH4 source strength (see also Table 2.3). 
Zhang et al. (2005) observed a range in seasonal CH4 emissions in China from 3 to 760 kg CH4 
ha-1 y-1. The estimated mean terrestrial CH4 emission during 1981–2010 was 144-613 Tg C yr
-1, 
ranging from 136-612 Tg C yr-1 yr in 1982 to 157-614 Tg C yr-1 in 2010. Upland soil uptake of 
CH4 was 17.1-60.2 Tg C yr
-1. Terrestrial N2O emission averaged 12.5-60.7 Tg N/yr, ranging from 
10.5-60.6 Tg N yr-1 in 1982 to 16.7-61.1 Tg N yr-1 in 2010 (Tian et al., 2015). 
 
Table 2.3. Methane gas emissions from rice fields in selected countries. (Source: Leip and 
Bocchi, 2007; EPA, 2007; Ministry of the Environment, 2006; Garg et al., 2004) 
Countries 
Total amount of 
emitted CH4 (Gg CH4) 
Contribution of rice 
methane to total 
methane emission (%) 
Contribution of rice 
methane to total 
greenhouse gases 
emission (%) 
USA in 2005 328 1.3 0.1 
Italy in 2005 70 3.7 0.3 
Japan in 2004 274 24.0 0.4 
China in 1994 10182 30.0 5.9 
India in 2006 6600 35.0 9.8 
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Table 2.4. Summarization of previous studies on LCA of rice production system 
Studies 1 2 3 4 5 6 7 8 9 10 
References Breiling et 
al., 1999 
Roy et al., 
2007 
Yossapol et 
al., 2008 
Brodt et al., 
2008 
Hokazono et 
al., 2009 
Blengini & 
Busto, 2009 
Kasmaprapruet 
et al., 2009 
Hokazono & 
Hayashi, 2012 
Wang et al., 
2012 
Xue et al., 2015 
Functional unit 1 million yen 
of rice 
1 ton of 
milled & 
head rice 
1,000 kg of 
unmilled 
grain 
1 kg of milled 
rice 
1 kg of rice 
brown, 1 ha 
of surface 
used, 1000 
yens of 
brown rice 
1 kg of 
delivery rice 
packed 
1 kg of milled 
rice 
1 kg of brown 
rice of organic, 
environment 
friendly & 
conventional 
farming 
1 ton of 
paddy rice 
1 ton of 
paddy rice per 
year 
System boundary Cradle-to 
farm 
gate 
Post-
harvest 
to cooking 
Cradle-to 
mill 
gate 
Cradle-to-mill 
gate 
Cradle-to 
farm 
gate 
Cradle-to 
supermarket 
Cradle-to-mill 
gate 
Cradle-to-farm 
gate 
Cradle-to-
farm 
gate 
Cradle-to-farm 
gate 
Allocation rule Economical 
allocation 
Mass 
Allocation 
Mass 
allocation 
Mass 
allocation 
Not clear 
from paper 
Economical 
allocation 
Economical 
allocation 
Mass and 
Economic 
allocations 
Not 
mentioned 
Mass allocation 
Technical 
farm data 
Secondary 
data 
Secondary 
Data 
Averages 
from 
farmer and 
miller 
surveys, 
secondary 
data 
Interviews with 
industry 
representative 
& cooperative 
staff, secondary 
data 
survey 
interviews, 
national 
database 
site records, 
farmers’ 
interviews 
and 
secondary 
data 
Average 
practices 
observed 
farmers 
interviews 
and secondary 
data 
local expert 
and farmer 
interviews, 
Secondary 
data 
Average 
practices 
observed 
Direct field 
emission 
Own model, 
National 
references 
Secondary 
Data 
Thai 
database, 
Ecoinvent 
Specific 
models, 
secondary data 
& Ecoinvent 
National 
references 
Primary& 
Secondary 
data, 
Ecoinvent 
Asian and Thai 
refernces 
Secondary data Secondary 
data 
Direct field 
measurements 
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Studies 1 2 3 4 5 6 7 8 9 10 
Climate 
change 
1.7 - 3.2 ton 
CO2 
emission 
920 - 1320 
kg CO2eq 
915 – 
1,013 
Kg CO2eq 
1.93 - 2.82 
Kg CO2eq 
7.5 – 9 Mg 
CO2eq (unit 
area), 
1.5 - 1.6 kg 
CO2eq (unit 
mass), 
4.4 – 6 kg 
CO2eq 
(unit 
monetary 
value) 
2.76 – 2.88 
Kg CO2eq 
2.93 kg CO2eq 1.46 - 2.0 kg 
CO2- 
eq 
1,570 kg 
CO2eq 
For 
both rice 
growing 
seasons 1.27, 
1.85, and 1.40 
kg CO2eq  
year
−1 for NT, 
RT, and CT, 
respectively. 
Eutrophication - - 56.52 – 
56.71 kg 
PO4eq 
- 145 – 205 kg 
PO4
-3 eq (unit 
area), 
25.5 – 34.5 
kg PO4
-3 eq 
(unit mass), 
0.08 - 0.14 
Kg PO4
-3eq 
(unit 
monetary 
value) 
328.3 – 334.7 
g O2eq 
12.90 g NO3
-eq 0.0076 - 
0.0104 
kgPO4
-3eq 
13.2 kg PO4
-
eq 
- 
Acidification - - 6.29 - 6.92 
kg SO2eq 
- - 0.25 - 0.28 
mol H+ 
3.19 g SO2eq 0.001 - 0.0023 
kg SO2eq 
25.17 kg 
SO2eq 
- 
Energy 
consumption 
- 1028 – 
1144 kWh 
of 
- - - 15.72 - 17.81 
MJ 
- 4.6 - 6.1 MJ of 
Non-renewable 
energy 
3526 MJ - 
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Studies 1 2 3 4 5 6 7 8 9 10 
electricity 
Water use  - - - - 8 - 8.2 m
3 - - - - 
NT-No-tillage; RT-Reduced tillage; CT-Conventional tillage 
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2.12.2 Life Cycle Assessment of Rice production 
All research on LCA of rice production has emphasised on GWP, while largely ignoring the diversity 
of the rice production systems in terms of crop establishment practices, residue, water and nutrient 
managements (Table 2.4). Most of the studies did not assess the whole production chain of rice 
(cradle to grave boundary). All the researchers considered the GWP, some estimated eutrophication 
and acidification, but most researchers still missed water use, biodiversity, toxicity, energy use 
(Table 2.4). Beyond water consumption per se, a question related to rice production is how it impacts 
on overall water availability and regional resource depletion. Across rice LCA studies, different 
system boundaries and allocation rules and different FUs obviously provide different result of the 
potential environmental impacts, which limits critical comparisons among them. It is difficult to 
interpret and compare because of a lack of consistent framework and presentation in these researches. 
The studies conducted so far compromise in quality of the references and the diversity of methods 
that used in inventory data phase, especially methods used regarding GHG emissions were often 
unspecified or not locally-based. In spite of not having data based on direct field emissions in most of 
the LCA studies on  rice production, best available knowledge on direct field emissions from rice 
farming systems were unexplored and not included into more reliable and specific LCI data.   
The rice based cropping systems in the EGP, notably the double cropping rice-wheat systems, are 
now diversified with crops receiving low to high inputs. In addition, most of the rice growing regions 
around the world grow more than one crop in a yearly rotation. Comparisons on hotspots, relative 
contribution of crops to cropping system LCA GHG between single rice crop LCA and LCA on rice-
anchored multi-crop LCA are absent in the literature. The EGP is a major hotspot for CH4 emission 
due to dominance of rice-based crop production but LCA GHG studies are lacking for this region. 
 
Breiling et al. (2005) applied the top-down life cycle approach, based on economic input output 
tables to estimate GHG (CH4 and N2O) emissions of rice related in Japan, while Harada et al. (2007) 
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applied LCA to compare GHG between conventional puddling and no-till rice cultivation in Japan. 
The cumulative CH4 emissions from the no-till planting were 43 % lower than conventional puddling 
cultivation, whereas CO2 and N2O emissions were not varied between the planting practices. Roy et 
al. (2007) determined the energy consumption and the environmental load (CO2 emission) of 
different parboiled rice processes (vessel medium-boiler and untreated processes) in Bangladesh for 
the post-farm stage up to consumption. Brodt et al. (2008) used LCA to assessed GHG emissions in 
California rice production and the result shows 2.82 kg CO2eq was released for each kg of milled 
rice. Hokazono et al. (2009) used LCA to compare among conventional, organic and sustainable 
(environmentally-friendly) rice production by using global warming and eutrophication potentials as 
indicators in Japan. Farm data was gathered on a large farm (55 ha) for LCI over two growing 
seasons (2007 and 2008). The results indicated that the environmental performances depend on the 
FU (in that study, FUs namely, area, mass and monetary value). The GHG emissions (kg of CO2eq) 
kg-1 of brown rice were 1.52 in the conventional rice systems which was higher than both organic 
(1.34 kg) and sustainable farming (1.62 kg). Blengini and Busto (2009) applied LCA to rice 
production system in Italy based on cradle-to-supermarket in kg-1 impacts of delivered white milled 
rice. The organic and upland farming approaches had the potential to decrease the impact per unit of 
cultivated area. 
In Thailand, Yossapol and Nadsataporn (2008), based on a survey of 400 farms and 24 milling plants 
and some national and international databases, applied LCA to rice production t-1 unmilled grain as a 
FU, and the following environmental impact categories were assessed: GWP, Acidification (AP), 
Eutrophication (EP), Energy Consumption (EDP) and Abiotic Depletion (ADP). Water was the input 
to the system as a resource, but the output (impact compartment) was ignored. Kasmaprapruet et al. 
(2009) applied LCA to milled rice production in order to determine the environmental load. The 
GWP of rice production t-1 was 2.93 t CO2eq, followed by 3.19 kg SO2eq for acidification and 12.9 
kg NO3eq for eutrophication and around 95 % of the global warming inputs to the system are 
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associated with the cultivation process, 2 % with the harvesting process and 2 % with the seeding and 
milling processes.  
Khoshnevisan et al. (2014), Yusoff and Panchakaran (2015) and Jimmy et al. (2017) conducted LCA 
on rice production but they used secondary data from different sources which might not reflect the 
scenarios prevailing in the EGP. While Jimmy et al. (2017) conducted a study in a typical rice 
scenario of Bangladesh, the rice growing season was not specified. As summarised in Table 2.5, most 
of the LCA studies were conducted in rainfed conditions in other rice growing areas except for 
Harada et al. (2007) in Japan. By contrast, Bautista and Saito (2015) in Philippines and Thanawong 
et al. (2014) in North East Thailand conducted studies in both rainfed and irrigated conditions and 
showed that life cycle GHGs up to farmgate stage were lower under rainfed conditions. The LCA 
studies have examined the effects of rice crop establishment and production systems like direct water 
seeding, organic rice, environment-friendly, dry and wet direct seeding, while Harada et al. (2007) 
contrasted no-tilling and non-puddling practices for irrigated rice production with puddling practices 
(Table 2.5). In the study, the net life cycle GHG up to milling (brown rice) for puddling, no-tilling 
and non-puddling were 0.94, 0.44 and 0.76 t CO2eq t
-1 brown rice. The non-puddling practice 
adopted in the study of Harada et al. (2007) was conventional tillage and planting without puddling. 
The elimination of puddling, therefore, saved 0.18 t CO2eq t
-1 brown rice. The emerging non-puddled 
transplanting of rice following minimal disturbance of soil (strip tillage) in a rice-based triple 
cropping system (where other upland crops are growing following strip planting) has performed well 
in both biogenic GHGs and yield scale life cycle GHG reduction under flooded, irrigated conditions. 
However, there is a need for accurate life cycle GHG emission estimates under rainfed conditions in 
the monsoon season when the rice field experiences variations in standing water depth.  
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Table 2.5 Summary of life cycle greenhouse gas emission data of studies on rice production in the 
rice growing areas around the world 
Study (ref.) Cultivation 
practices 
Emission (t CO2eq t
-1 
rice) 
Yield (t ha-1) Growing 
environment 
Alam et al. 
(2016), 
Bangladesh 
Conventional 
puddling 
Non-puddling 
Total net life cycle GHG  
emissions to farm gate 
(1.11- non-puddling; 
1.57-puddling)  
6.36 (puddling) 
6.68 (non-
puddling) 
Irrigated (dry 
season) 
Brodt et al. 
(2014), USA 
(California) 
Direct water-
seeding practices 
100-year GWP: 1.47 kg 
CO2eq t
-1 of milled rice 
(to farmgate 1.01); 
IPCC Tier 1 estimates: 
3.60 (to farmgate 1.09). 
9.3 (dried 
paddy rice) 
Continuously 
flooded (rain-
fed) 
Hokazono 
and Hayashi 
(2012), Japan 
Conventional, 
environment-
friendly and 
organic rice 
farming 
Total net life cycle GHG 
of milled rice 
Conventional-1.46 
Environmentally 
friendly-1.58 
Organic-2.0 
Organic (3.38), 
environmentally 
friendly (4.44), 
and 
conventional 
rice (4.36), 
respectively 
Rain-fed 
Ecoinvent 
Centre (2008) 
Existing/traditional Total net life cycle GHG 
to farm gate (0.47) 
7.5 Rain-fed 
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Blengini and 
Busto (2009), 
Italy 
Traditional rice 
establishment 
Total net life cycle GHG 
to milling 2.52–2.66 
6.1 Rice cultivated 
without flooding 
and grown under 
a reduced water 
regime. 
Thanawong et 
al. (2014), 
NE Thailand 
Sowing by dry 
seeded and wet 
seeded/ 
transplanting 
(nursery) 
Total net life cycle GHG 
to farmgate 2.97–5.55 
2.36-3.02 Both rain-fed 
and irrigated 
systems 
 
Wang et al. 
(2010), China 
Traditional rice 
establishment 
Total net life cycle GHG 
to farmgate (1.50) 
8.8 Rice–wheat 
system where 
rice grown in 
monsoon season 
Bautista and 
Saito (2015), 
Philippines 
Traditional rice 
establishment  
Total net life cycle GHG 
to farm gate (0.93) 
Total net life cycle GHG 
to farm gate (0.47) 
4.21 (Irrigated) 
2.93 (rain-fed) 
Irrigated 
and rain-fed 
Harada et al. 
(2007) 
Puddling 
No-tilling, 
Non-puddling 
Net life cycle GHG to 
milling (Brown rice) 
Puddling-0.94 
Puddling-4.43  
No-tilling-5.49  
Non-puddling-
Irrigated 
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No-tilling-0.44 
Non-puddling-0.76 
5.63  
ᶲ Life cycle GHG-Life cycle greenhouse gas emission 
2.12.3 LCA GHG in rice-upland cropping systems 
Rice and upland crops grown in a rotation experience variations in temperature and water regimes, 
crop duration, biomass production, energy use efficiency, requirement of inputs (chemicals), amount 
and quality of residue returns and other inputs influencing management activities and production. 
The crop establishment practices and residue return practices are also different for crops in the 
wetland rice-upland triple cropping system. Rice crops are generally grown in soils puddled by 
several wet tillage operations, while upland crops are grown in well-drained soils. Duxbury et al., 
(1993) stated that tillage practices and residue management for growing crops in rotation, and 
chemicals use for pest and nutrient managements play an important role in the global emissions of 
GHGs and eventually on C sequestration.  
During upland crop cultivation, N2O is the major contributor to the total GWP, while CH4 contributes 
the major share of GHGs during wetland rice growth while CO2eq emissions associated with 
irrigation provision contribute significantly during the irrigated rice (Smith et al., 2007). Soil C 
inputs from root turnover, crop residue and live root biomass vary among crops (Ghimire et al., 
2017). Soil C sources like aboveground biomass, belowground root biomass, root exudates and 
rhizodeposits, mifcrobial biomass and organic amendments help increase SOC sequestration, while 
growing crops in rotation under minimum soil disturbance and increased residue retention enhance 
the processes of gain (Freibauer et al., 2014). From studies conducted on grain crops under upland 
conditions, Nemecek et al. (2015) and Gan et al. (2011) found that diversified crop rotations can help 
to reduce the CF. Nemecek et al. (2015) also found that diverse crops in the cropping systems with 
reduced chemicals use (fertilizer, pesticide etc.) are a promising way to reduce the environmental 
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impacts of intensive arable cropping systems. Lemke et al. (2007) suggested that inclusion of pulses 
in cereal-based cropping systems in the Northern Great Plains (NGP) region influenced the net GHG 
balance of those systems with variable pesticide and fertilizer requirements and varied quality and 
quantity of residues compared with cereal crops. But crops with high requirement of inputs like N 
fertilizers commonly increases N2O emissions  (Burton et al., 2008; Ruser et al., 2001), particularly 
when applied at rates that exceed crop N requirement (Zebarth et al., 2008) and, that, N2O production 
increases non-linearly with increased N fertilizer (McSwiney and Robertson, 2005).  
The N input was the main factor differentiating the environmental impact of the upland crop because 
N2O emission is the main GHG contributing to LCA GHG (Nemecek et al., 2015). Badey et al. 
(2013) found N2O accounted for 44 −54 % of total GHG emissions generated by oilseed crop 
production. The methane emissions from wetland rice cultivation contribute from 40-67 % of the 
total LCA GHG up to farm-gate boundary of LCA (Fusi et al., 2014). These higher emissions under 
both irrigated and monsoon rice cultivation can be attributed to CH4 emissions which shared the 
major part of GHG in rice cultivation (Takai and Kamura, 1966; Yu and Chen, 2004). Farag et al. 
(2013) in their LCA study showed that CH4 emission from the flooded rice fields was the main 
source of GHG emissions, contributing about 53 %, while N fertilization added about 10 % and 
mechanical activities about 1 % of the total emissions. On the other hand, in most arable agriculture, 
as shown by Woods et al. (2008), N2O is the dominant GHG, being responsible for 80 % of wheat 
GHG emissions. Eshun et al. (2013) in a LCA revealed that N2O contributed the highest proportion 
(about 70 %) of GWP for paddy rice production, followed by CO2. 
Due to challenges of yield stagnation, water and labour scarcities, soil, water and air pollution (Singh 
et al., 2008), farmers need alternatives to help conserve energy and water resources, reduce GHG 
emission and improve the quality of life for farm families (Singh et al., 2009). However, alternative 
establishment practices to conventional practice in the rice-based cropping systems on the EGP need 
to be assessed (Chakraborty et al., 2017). The adoption of the CA practices depends very much on 
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the performances of the practices in terms of mechanical suitability, agronomic outputs and 
environmental impact. The intensive cropping systems practiced on the EGP offer many 
dynamics/alterations in soils and biogeochemical processes when CA cropping are introduced for 
crop production replacing conventional practice (Haque et al., 2016; Islam, 2017). The emerging 
practices of CA (SP for upland crops and NP following SP and residue retention) being adopted in 
the EGP have been studied for their mechanisation potential and agronomic performance (Haque et 
al., 2016; Islam, 2017; Salahin, 2017; Bell et al., 2018).  
To strengthen the dissemination and adoption of the CA practices, the performances of the novel 
practices in terms of C and N turnover and storage potentials are critical. The GHG implications of 
the emerging and conventional rice–based cropping systems are scarce for the IGP, let alone on the 
EGP. As number of studies have established higher sequestered C in the soils with the CA practices 
(Sharma et al., 2008), studies are also required to estimate the relative contribution of each crop of 
rice-based triple cropping systems to the actual cropping systems life cycle GHG (CS LCA GHG) so 
that the effects of choice of crops in the intensive cropping systems on the actual CS LCA GHG can 
be determined.  
2.13 Conclusions 
To fit CA in rice-based intensive cropping systems practiced around the world, crop establishment 
practices have gone through several modifications. The different practices have been reported with 
different demerits in terms of yield and economic performance, GHG emissions, energy 
consumption, water and nutrient requirements. The novel nonpuddled transplanting of rice following 
strip tillage have performed well in yield, economic return, soil health, energy consumption etc. But 
studies are not enough to say about it performance on GHG emissions and climate change mitigation 
potentials along with its biogeochemical cycles. Keeping these factors into consideration, scientists 
have been trying to develop and deploy rice establishing practices for the last several decades which 
may help CA fitting in rice-based cropping systems, help CA advancing further and may create win-
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win situations for all stake–holders. However, the above backdrops suggest that all the crop 
establishment practices have their own problems to deal with before going to the end-users with 
them.  
The research works on LCA of rice production considered the GWP, some estimated eutrophication 
and acidification, but most researchers still missed water use, biodiversity, toxicity, energy use. 
Across rice LCA studies, different system boundaries and allocation rules and different FUs were 
used which evidently provide different environmental impacts. It is difficult to interpret and compare 
because of a lack of consistent framework and presentation in these researches. Most of the LCA 
studies were conducted in rainfed conditions in other rice growing areas. The LCA studies have 
examined the effects of rice crop establishment and production systems like direct water seeding, 
organic rice, environment-friendly, dry and wet direct seeding, while the elimination of puddling 
saved 0.18 t CO2eq t
-1 brown rice. The studies conducted so far compromise in quality of the 
references and the diversity of methods that used in inventory data phase, especially methods used 
regarding GHG emissions were often unspecified or not locally-based. The best available knowledge 
on direct field emissions from rice farming systems was unexplored and not included into more 
reliable and specific LCI data. To example, the LCA of rice which considered cradle to farmgate 
boundary had 1.46 to 3.2 t CO2eq ha
-1. On the other hand, the study which had extended boundary 
like from cradle to millgate had 0.92 to 1.01 t CO2eq ha
-1 life cycle GHG which might be due to the 
use of secondary data. However, most of the life cycle GHG reported so far was derived from single 
crop. While most studied lacked in using SOC changes during studies, the estimation of GHG 
emissions using the LCA approach needs to consider changes in SOC that have occurred as a result 
of the technology or treatment under consideration. More studies should be conducted on diversified 
crops growing in cropping systems with the inclusion of data recorded from mostly direct local 
sources so that mitigation of climate change as a consequence of intensive cultivation of crops in 
rice-based cropping systems can be maximised.   
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Chapter 3 Minimal Soil Disturbance and Increased Residue Retention Increase Soil Carbon in 
Rice-based Cropping Systems on the Eastern Gangetic Plain  
 
Abstract 
The adoption of conservation agriculture (CA) in the intensive triple-cropping, rice-based systems of 
the Eastern Gangetic Plain (EGP) alters the dynamics of carbon (C) in the soil, but the nature of these 
changes is poorly understood. Our aim was to determine whether CA in these systems involving non-
puddled transplanting of wetland rice and strip planting of dryland crops plus increased residue 
retention would increase the C storage in soils relative to conventional crop establishment practices. 
Long-term field experiments were studied in two locations of northwestern Bangladesh to determine 
C storage as well as examining C cycling under three levels of soil disturbance (conventional tillage 
(CT), strip planting (SP) and bed planting (BP)) in combination with low residue (straw) retention 
(LR, the current practice) and increased residue retention (HR) in Calcareous Brown Floodplain soil 
(Alipur) and Grey Terrace soil (Digram). The total nitrogen (N), organic C, microbial biomass C 
(MBC) and water-soluble C (WSC) values were measured in soil samples from 0 to 10 cm depth 
collected at different stages during the growth of the 13th and 14th crops at Alipur and the 12th and 
13th crops at Digram since the treatments commenced. At each location, SP and BP with either LR or 
HR retained more soil organic C (0-10 cm) from C inputs than CT with HR and LR. In general, the 
CO2 emissions relative to the stored soil organic C in the soils (0-10 cm) under SP with LR and HR 
were approximately 13 to 59 % lower than those under CT and BP with LR and HR. The higher 
levels of C mineralization were associated with higher WSC contents in the soil. In contrast, the 
MBC contents in the HR treatments followed the order SPHR>BPHR>CTHR. Similarly, in SPLR 
and SPHR, the potentially mineralizable C (PMC) was higher, while the decay rate constant was 
lower. Increased residue retention with minimal soil disturbance practices (SP and non-puddled 
transplanting) after 14 crops at Alipur and 13 crops at Digram modified the C cycle by decreasing C 
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emissions and increasing the levels of total organic C in the soil. The application of both minimal soil 
disturbance and increased residue retention enhanced soil organic C (0-10 cm) concentrations in the 
two soils under intensive rice-based cropping systems on the EGP. 
 
Keywords: C mineralization, C sequestration, microbial biomass C, non-puddled transplanting, 
organic C, residue retention, water soluble C 
 
3.1 Introduction 
The FAO (2009) estimated that a 40 % increase in rice production is needed by the end of 2030 to 
satisfy the rising demand from a growing population, but the land area for production is predicted to 
increase by only 14 %. Hence, while increased grain yield is required to supply the increased demand 
for rice, traditional practices, such as soil puddling for wetland rice establishment and intensive soil 
disturbance in rice-upland cropping systems, have resulted in declining soil fertility and low levels of 
soil organic C (SOC; Kirk and Olk, 2000; Sahrawat, 2005; Zhou et al., 2014). In addition, rice 
production in wetland soils accounts for 55 % of the global agricultural greenhouse gas emissions 
(IPCC, 2007a). Production systems such as conservation agriculture (CA) may serve to increase the 
rice yield while also improving soil fertility and SOC status and mitigates the effects of rice-based 
cropping systems on climate change (Alam et al., 2016b; Haque et al., 2016; Powlson et al., 2016). 
One of the important areas of intensive rice-based cropping is the EGP, which is characterized by 
wetland rice (Oryza sativa L.) rotated with upland crops. This rotation results in short fallow periods 
and periodic drying-wetting of the soils between crops. Adoption of CA practices by growers in the 
intensive rice-based triple-cropping systems on the EGP is increasing (Haque et al., 2016; Taneja et 
al., 2014). A novel rice establishment practice called non-puddled transplanting (NP) has been 
developed to accommodate CA requirements in rice-based cropping on the EGP (Alam et al., 2016b; 
Haque et al., 2016). With NP practice, narrow strips (2–4 cm wide) are tilled to 4-5 cm depth while 
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preserving about 80 % of untilled soil. A locally-made attachment to 2-wheel rotary–tiller is used 
after irrigation or seasonal rain-fall to prepare strips so that transplanting can be performed without 
puddling soil; or the land is kept fully undisturbed until the surface soil is soft enough to transplant 
the rice seedling in untilled and non-puddled conditions. The CA practice involving minimal soil 
disturbance and the retention of more residues will alter the dynamics of C in the soil on the EGP, 
but the nature of these changes is poorly understood. 
Carbon accumulation appears to decline over time in most rice-upland crop systems, such as 
rice-wheat systems (Witt et al., 2000). For paddy-upland crop rotations, the decreased amount of C 
stored in the soil was attributed to high doses of chemical fertilizers, excessive disturbance of the soil 
and removal/burning of residues in the fields (see Zhou et al., 2014). Kirk and Olk (2000) found that 
the decomposition of residues and the mineralization rates of residues and native soil organic matter 
(SOM) are considerably retarded under submerged soil conditions relative to aerobic (upland) 
conditions. On the other hand, the process of drying and rewetting of soils controls the 
decomposition of the retained residues and consequently modifies the C and N dynamics in rice-
based intensive cropping systems (Kirk and Olk, 2000). Microbial activity increases during drying 
and rewetting cycles of soils, resulting in increased SOM decomposition (Orchard and Cook, 1983). 
Moreover, whatever benefits of C sequestration may accrue by following CA in upland cropping will 
be destroyed by puddling for wetland rice cropping (Sapkota et al., 2017). 
Crop establishment practices and residue management are important factors in C cycling in 
complex paddy rice-upland rotations (Kirk and Olk, 2000; Zhou et al., 2014). With conventional 
tillage (CT), crop residues are incorporated into the soil which accelerates C mineralization, and as 
soil is disturbed heavily by the practice, it exposes the C associated with macro–aggregates to greater 
decomposition by microorganisms (Six et al., 2000), whereas with minimal soil disturbance, crop 
residues remain at the soil surface (Curtin et al., 2008), standing or lying, and are less susceptible to 
microbial breakdown (Verhulst et al., 2013). However, the individual and collective effects of 
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minimal soil disturbance and increased residue retention on the C dynamics and C cycling in rice-
based cropping systems on the EGP are not well understood (Sisti et al., 2004). 
The chosen crop sequence determines the type and amount of residue added to the soil (Alam 
et al., 2016b). Crop rotation (Baldock, 2007), residue retention, (Franzluebbers et al., 1994) and soil 
disturbance associated with tillage (Zhou et al., 2014) alter the C dynamics, which are important in 
the sequestration of C and N (Balota et al., 2004). Larson et al. (1972) reviewed evidence from 
laboratory and field studies and suggested that the decomposition rates of plant material added to soil 
are proportional to the amount added and time of application. Generally, small amounts of crop 
residues decompose more rapidly than large amounts (Novak, 1974). Current cropping systems on 
the EGP retain limited amounts of crop residue (Alam et al., 2016a); hence, it is important to assess 
the impact of increased residue retention on SOC when CA practices are adopted. 
Due to the complexity of the soil C cycle, models can be an effective approach for predicting 
the likely consequences of changes in agricultural land use. The potentially mineralizable C (PMC) 
in soil is considered the standard measure of the soil mineralizable C (Murwira et al., 1990; Stanford 
and Smith, 1972). The size of this pool is usually estimated, along with mineralization rate constant, 
from long-term incubation experiments using kinetic models that fit the increase in cumulative soil C 
and soil inorganic N release with time (Griffin, 2008). Among the wide variety of kinetic models, the 
first-order model (Raiesi, 2006) and the parallel first- and zero-order kinetic models (e.g., Van Kessel 
et al., 2000) are the most commonly used. The parallel first- and zero-order kinetic models assume 
that the SOM consists of an easily mineralizable pool of C that is mineralized exponentially 
according to first-order kinetics and a more resistant fraction that is not depleted significantly during 
a short incubation period. Few modeling studies have examined the differences in C cycling rates 
between field conditions characterized by minimal soil disturbance with upland crops and non-
puddled transplanting of rice crops and those characterized by conventional practices with heavy soil 
disturbance (Raiesi, 2006; Mulvaney et al., 2010). The main objective of this study was, therefore, to 
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determine the effect of crop establishment with minimal soil disturbance and increased residue 
retention on C storage in soils and to understand the C dynamics in soils under CA practices for rice 
and upland crops in rice-upland crop rotations. 
 
3.2 Materials and methods 
 
3.2.1 Study site and experimental design 
The long-term effects of SP or BP along with two levels of residue retention on C dynamics were 
studied in northwestern Bangladesh at two locations (Alipur village, Durgapur upazila, Rajshahi 
division in the agro-ecological zone known as the Level Barind Tract (LBT) and Digram village, 
Godagari upazila, Rajshahi division in the agro-ecological zone known as the High Barind Tract 
(HBT)) (FRG, 2012). The experimental sites are located at about 24°28′ N north latitude and 88°46′ 
east longitude. The LBT and HBT regions feature low (relative to other parts of Bangladesh), 
unevenly distributed annual rainfall amounts (1370 ± 323 mm) that vary widely from year to year 
and large temperature ranges (maximum: 42.9°C in June 2014; minimum: 6.2°C in January, 2014). 
The texture class of the experimental soil (measured by hydrometer method; Black 1965) of Alipur 
was silt loam (24 % sand, 53 % silt and 23 % clay), and the bulk density ranged from 1.38 g cm−3 in 
strip planting (SP) with increased residue retention (HR) to 1.49 g cm−3 in conventional tillage (CT) 
with low residue retention (LR). The texture class of the experimental soil of Digram was silt clay 
loam (26 % sand, 46 % silt and 29 % clay), and the bulk density ranged from 1.40 g cm−3 in SP with 
HR to 1.52 g cm−3 in CT with LR. The soils were slightly acidic and were categorized as Calcareous 
Brown Floodplain (Aeric Eutrochrept; USDA soil classification system; USDA-SCS, 1975) and 
Grey Terrace soils (Aeric Albaquepts; USDA-SCS, 1975) at Alipur and Digram, respectively. The 
Alipur site was moderately well drained (water can drain gradually after heavy rainfall or seasonal 
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inundation) and the Digram site was very well drained, as it was located above the flood level (SRDI 
2005). 
The field study in 2014 examined three soil disturbance practices (CT, SP or NP and bed planting 
(BP/NP)) and two residue retention levels (increased residue retention, HR, and low residue 
retention, LR) in four replicates of the treatments (Table 3.1) in an experiment established in 2010 
(Islam,  2016). At Alipur, main plot size was 7.5 m long × 14 m wide and sub-plot was 7.5 m long × 
7 m. wide and; the main plot was 8.5 m long × 14 m wide and sub-plot was 8.5 m long × 7 m wide at 
Digram. For stip planting, 2–4 cm (wide) × 4–5 cm (depth) area was mechanically tilled leaving the 
inter-row or soil management zone undisturbed and protected by residue cover, while raised beds 
(BP) were formed by moving soil laterally from the furrows to form a raised . In the BP, the furrow 
facilitated irrigation, drainage and wheel traffic. Once developed, the bed was not destroyed or 
displaced but it was renovated each season. Conventional tillage practice involved disturbing soil by 
2-wheel rotary tillage up to 10–12 cm depth followed by levelling or a further rotary tillage operation 
to pulverize or level soil, while puddling of soil was done by several wet tillage operations followed 
by leveling. For CT. the seeds of non-rice crops were broadcasted for sowing before the final land 
leveling operation.  
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Table 3.1 The present study involves the following field treatments at the Alipur and Digram sites.  
Crops and Location Soil management Residue management 
Mustard (13§) 
(Alipur) 
 Conventional tillage (CT) 
 Strip tillage (SP) 
 Bed Planting (BP) 
 Low residue retention (LR) 
 Increased residue retention 
(HR) 
Irrigated rice (14§) 
(Alipur) 
 Conventional puddling (CT) 
 Non-puddling (NP) followed by SP 
 Non-puddling (NP) followed by BP 
 LR 
 HR 
Wheat (12§) 
(Digram) 
 CT 
 SP 
 BP 
 LR 
 HR 
Jute (13§) 
(Digram) 
 CT 
 SP 
 BP 
 LR 
 HR 
§The number indicates the crop number of the cropping systems followed in the experimental fields. 
 
The experimental design, followed for the previous 14 crops (three crops per year since 2010) at 
Alipur and 13 crops at Digram, used a split-plot layout in which the soil disturbance practices were 
assigned to the main plots and residue retention levels to the subplots. The LR treatment in the 
current study, which approximated the current farming practice in this region, involved retaining 
approximately 20 % (by height) of the standing rice crop residue in the field after harvesting the 
crops. The HR treatment retained approximately 50 % by height of the standing rice residue after 
harvesting. The same residue retention levels were followed for wheat crops at Digram. For the 
previous lentil, mung bean and mustard crops in the rotation at Alipur (followed for up to 9 crops) 
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and the previous jute and chickpea crops at Digram (for up to 7 crops), the LR treatment involved 
complete removal, whereas the HR treatment returned all crop residues to the plot. The cereal 
residues were left standing under SP and BP, while they were incorporated into soil under CT 
practice. The cropping sequence followed for the first three years at Alipur was lentil (Lens 
culinaris L.)–mung bean (Vigna radiata L.)–rainfed monsoon rice. At Digram, the rotation involved 
wheat–jute–monsoon rice up to 2012, then chickpea–jute–monsoon for 2013-14. In 2014-15 at 
Alipur, the monsoon rice was followed by mustard (Brassica campestris L.) then dry-season irrigated 
rice. In 2014-15 at Digram, the monsoon rice was followed by wheat then jute. Pesticides and the 
recommended dose of fertilizers were applied to all the crops at rates typical of the local farming 
practices. The fertilizer dose for mustard was 85 (HR)-90 (LR), 21, 64, 20, 4 and 1.5 kg ha-1 N, P, K, 
S, Zn and B, respectively; fertilizer dose for irrigated rice 115 kg (HR)-125 (HR), 53, 81, 11, 3 and 
2.5 kg ha-1 N, P, K, S, Zn and B, respectively; for wheat 110 (LR)-120 (HR), 26, 50, 20, 1.5 and 1.5 
kg ha-1 N, P, K, S, Zn and B, respectively; and for jute 35(LR)-40(HR), 8, 20, 8, and 1 kg ha-1 N, P, 
K, S and Zn, respectively.  
 
3.2.2 Soil sampling and parameters determined  
Soil samples were collected from the field experiments between November 2014 and June 2015 by 
means of a push-type auger (2.5 cm diam.). For the soil sampling, three quadrats from each subplot 
were pre-marked, from which all soil samples were collected. As the tillage practices did not disturb 
soils more than 10 cm by depth, the soil sampling was done only up to 10 cm depth. The sampling 
was done at 1, 15, 30, 45, 60, 75, 90 and 100 days after sowing (DAS) for mustard; at 1, 15, 30, 45, 
60, 75, 90 and 100 days after transplanting (DAT) for rice; at 1, 15, 30, 45, 60, 75, 90, 105 and 120 
DAS for wheat, and at 1, 15, 25, 40, 55, 70, 85 and 95 DAS for jute. These samples were kept 
separate for individual extraction. The field-moist soil was then quickly cleaned of leaves, roots, 
weeds, decayed branches, etc. and immediately extracted according to the methods described below 
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and then filtered for collection of extracts. For each sample, 15 g of soil was also used for moisture 
content measurement. All measurements (bulk density, particle density, soil moisture, water soluble 
C, SOC, pH, total N and microbial biomass C) were carried out in triplicate. 
  
Figure 3.1 Soil collections at different growth stages and after harvest 
3.2.3 Temperature data collection 
Air and soil temperature data were collected using automated temperature sensors (Maxim’s i-Button 
sensors recording temperature with accuracy; <±0.5 °C; Haight, 2009) placed at a height of 60 cm 
and at a soil depth of 4–5 cm, respectively. All sensors were set to record instantaneous values of 
temperature every 6 h, starting at midnight each day. All air temperature sensors were positioned 
under shallow polystyrene lids and covered with aluminum foil so that they were protected from 
direct solar radiation. Similarly, the sensors set in the soil were placed in waterproof polyethylene 
bags. 
3.2.4 CO2 and CH4 measurements 
Three inverted circular chambers of known volume (100 cm height × 20 cm diameter) were 
established in each plot. Vials containing 35 mL of 0.5 M NaOH were used to trap evolved CO2, and 
these vials were replaced every 2-3 days for up to 15 days after establishment. After this period, the 
rate of CO2 evolution decreased, and the amount and concentration of NaOH were reduced to 30 mL 
of 0.25 M and the vials were replaced every 5-7 days. The trapped CO2 was measured via the BaCl2 
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method (Anderson, 1982). The CO2 in the control treatment (a vial containing 35 ml of 0.5 M NaOH 
placed in an inverted chamber without soil) was subtracted from the calculated amount of CO2 
released under each practice (treatment). 
To measure CH4 in the paddy field, transparent chambers (dimensions: 60 cm length × 30 cm 
width × 100 cm height) constructed from 5 mm thick acrylic sheets, were placed over six plants 
(Alam et al., 2016b). To allow pressure adjustments in the chamber during chamber set-up and gas 
sampling, a lightweight plastic bag was fixed inside. A digital electronic thermometer was attached 
inside the chamber within a silicon cork. Samples were collected from 10:00–16:00 hr on every 
sampling day according to the life cycle of the crop. Two samples for CH4 emission from each 
chamber were taken; one at the time of chamber placement and the other one after an interval of 10 
minutes, 30 minutes or 1 hour). The samples were triplicated. Samples were collected using a 50 ml 
polypropylene syringe at 0 and 60 min after sealing the chamber. The syringe was made airtight with 
a three-way stopcock, and gas was transferred into a 35 ml bottle and, when required, transferred into 
a 400 ml Tedlar bag through a silicon tube attached to the top of the chamber. The gas samples were 
analyzed for CH4 using gas chromatography with a hydrogen flame ionized detector (Alam et al., 
2016b). The CH4 flux was calculated using the equation of Yagi and Miami (1993). 
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Figure 3.2 Base of chambers and Chambers set on rice plants. Broadwalk also pitched up to collect 
gas without disturbing soil. 
3.2.5 Description of models used 
A simple model was used to predict the rate of C changes in the soil (Stevenson, 1982): 
Ct = Co (1 – e 
–kt) ………………………………………………………………………… (1) 
where k is the decomposition (decay rate) constant (mg C [g C]-1 day-1), Co is the potentially 
mineralizable C, a measure of easily decomposable C (PMC; mg C g-1 C), and Ct is the carbon 
mineralized after time t (days). The model was run in SPSS (software package version 21). 
 
3.2.6 Soil and crop residue analysis 
The methods of Jahan et al. (2014) and Goering and Van Soest (1970) were used to analyze cellulose 
(Ce), hemicellulose and lignin (Li) in mustard, rice, wheat and jute straw. The total C and N values in 
plants were determined using a CHNS analyzer (Shimadzu, Japan). The element P content was 
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determined using the molybdate blue ascorbic acid method by spectrophotometry (Olsen and 
Sommers, 1982), while K was determined from the digest made with a 2:1 HNO3: HClO4 mixture 
directly by atomic absorption spectrophotometer at 766.5 ηm wavelength (Model No. VARIAN 
SpectrAA 55B, Australia). The bulk density (BD) and particle density were measured according to 
Karim et al. (1988) and were used to calculate porosity (Alam et al., 2016a). Soil moisture content 
was measured by the gravimetric method (Black, 1965). Bulk density was measured by the core 
sampler method, with a 5 cm long and 2.8 cm radius core; three samples from each subplot were 
randomly collected; then the samples for each 5 cm depth taken one below the other (Karim et al., 
1988). The total organic carbon (TOC) content was calculated from the OC concentration which was 
determined by the wet oxidation method (Jackson, 1973). Total organic carbon (TOC) stock was 
determined following Equation 2 
TOC (t ha-1) = 10, 000 m2 in (1 ha) × soil depth × BD × OC ………………………………………….. 
(2) 
where BD is the bulk density in g cm-3 and OC is the percentage of organic C (Ellert and Bettany, 
1995). The BD values presented in Tables 5 and 6 were used to compute C stocks. 
Water-soluble C (WSC) was extracted following the methods of Tirol-Padre and Ladha (2004) and 
measured via the Walkley and Black wet oxidation method (Walkley and Black, 1934). The 
correction factor for WSC calculation was 60 %, in line with conversion factors for top soil (Tivet et 
al., 2012). Microbial biomass C (MBC) was determined via the chloroform fumigation–incubation 
method (Jenkinson and Powlson, 1976). 
3.2.7 Crop residues retained in the fields 
The total amounts of residues added during one year in the SPHR, SPLR, BPHR, BPLR, CTHR and 
CTLR treatments were 6.15, 3.3, 6.95, 3.34, 6.15, 3.17 t ha-1, respectively, at Alipur and 5.83, 4.15, 
5.83, 3.92, 6.0 and 3.74 t ha-1, respectively, at Digram (Table 3.2). 
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3.2.8 Statistical analysis 
The effects of soil disturbance (SP, BP, and CT) and residue retention (LR and HR) on BD, total N 
(TN), total C (TC), MBC, Ce, Li, Ce/Li, Li/TN, Ce/TN, (Ce+Li)/TN, TC/TN, WSC, cumulative C 
emission, PMC and C mineralization rates were analyzed via a two-factor analysis of variance using 
a split-plot model. All data were statistically assessed with the SPSS software package version 21 
(SPSS Inc., Chicago, IL, USA). The tests of normality of the parameters in the manuscript were also 
done with SPSS software and all were normally distributed. Means were compared using least 
significant difference (LSD) at p < 0.05.  
 
3.3 Results 
3.3.1 Growing season conditions 
During the experimental years, April and January were the warmest and coldest months, 
respectively. In general, maximum temperatures at Alipur and Digram range from 15-38 °C and from 
17-39°C, respectively. The minimum temperatures at Alipur and Digram were 9.5 and 10 °C, 
respectively. Very little rain fell in November, December and January. The rainfall was below 
average in February, March and April 2015 but was above average in May and June at both sites. 
The rainfall in April and May was the highest (Table 3.3). The temperatures and rainfall were 
comparable to the long-term averages for the High Barind Tract agro-ecological zone (AEZ) and the 
Level Barind Tract, AEZ. The long-term mean annual rainfall is 1285 mm in the south of the High 
Barind Tract, whereas the level Barind Tract has the minimum rainfall 700 mm and the maximum 
rainfall 1450 mm.   
 
At Alipur, the mustard crop was irrigated twice, and the boro rice was irrigated 10 times. At 
Digram, the wheat was irrigated three times, and the jute was irrigated only once. More rain fell 
during the early monsoon period (mid-March to May; > 501 mm at Alipur and 443 mm at Digram) 
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than during the winter (November to mid-March; < 118 mm at Alipur and 85 mm at Digram). Solar 
radiation was highest during the months of April (21.2 and 21.8 MJ m-2 at Alipur and Durgapur, 
respectively) and May (21.5 MJ m-2 and 22.6 MJ m-2 at Alipur and Durgapur, respectively) which 
were followed by March and June. The relative humidity recorded during the experimental duration 
(November 2014- June 2015) ranged from 64.7 % in March to 85.7 % in June and 64.6 % in March 
to 85.6 % in June at Alipur and Digram, respectively (Table 3.3).  
The maximum, minimum and mean soil temperatures recorded at a soil depth of 4 cm at both 
the Alipur and Digram sites were different among all treatments throughout the experiment. The 
temperatures were highest and lowest in the CTLR and BPHR treatments, respectively (Figure 3.3a, 
3.1b). At both sites, CTLR had soil temperatures that were 2.5-4.6 °C higher than those of all other 
treatments throughout the growing seasons. Both SPLR and SPHR exhibited higher minimum, 
maximum and mean soil temperatures than the respective BPLR and BPHR treatments during the 
growing seasons in both the experimental seasons (Figure 3.3a, 3.1b). Soil under mustard and boro 
rice had a lower mean temperature than soil under wheat and jute crops. The difference between air 
and soil temperatures under jute crops was lower than that under wheat crops. Like air temperatures, 
the soil temperatures were lower in winter than in summer. 
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Figure 3.3 Air and soil temperature of Alipur-(a)  and Digram-(b) recorded at a height of 60 cm in 
the air and at a soil depth of 4–5 cm, respectively. [Legends: BP ‒ bed planting, CT ‒ conventional 
tillage, and SP ‒ strip planting; HR ‒ increased residue retention and LR ‒ farmers’ practice]. 
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Table 3.2 Dry weight of residues added according to treatment for different crops of the rotations at 
Alipur (Monsoon rice-12th crop; Mustard-13th crop; Irrigated dry season rice-14th crop) and Digram 
(Monsoon rice-11th crop; Wheat-12th crop; Jute-13th crop). Values represent the mean of four 
replicates for each crop. 
Treatments/crops CTLR CTHR SPLR SPHR BPLR BPHR LSD0.05 (tillage × 
residue retention) 
Low Barind Tract (Alipur, Rajshahi) 
Monsoon rice  
(t ha-1) 
1.28 2.21 1.39 2.43 1.29 2.61 0.37** 
Mustard (t ha-1) 0.48 1.24 0.53 1.45 0.55 1.48 0.13** 
Irrigated rice  
(t ha-1) 
1.41 2.70 1.38 2.65 1.50 2.86 0.39** 
High Barind Tract (Digram, Rajshahi) 
Monsoon rice  
(t ha-1) 
0.95 2.02 1.17 1.84 1.20 2.14 0.40* 
Wheat (t ha-1) 0.92 1.63 1.02 1.64 0.91 1.36 0.32* 
Jute (leaf litter) 
(t ha-1) 
1.87 2.35 1.96 2.35 1.81 2.33 0.14** 
Legend: BP ‒ bed planting, CT ‒ conventional tillage, and SP ‒ strip planting; HR ‒ high residue 
retention and LR ‒ low residue retention. 
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Table 3.3 Mean monthly climatic variables at the Level Barind Tract (Alipur) and High Barind Tract 
(Digram) experimental areas in 2014-2015. 
Month of 
the year 
 
Solar radiation (MJ m-2) Precipitation (mm) Relative humidity (%) 
Alipur Digram Alipur Digram Alipur Digram 
November 14.6 14.9 25.6 24.0 80.8 80.7 
December 11.8 12.6 6.0 4.0 80.1 79.9 
January 13.1 13.8 17.6 11.9 79.1 78.9 
February 16.8 17.2 35.0 16.8 73.0 72.9 
March 19.1 19.5 33.8 28.3 64.7 64.6 
April 21.2 21.8 50.2 41.4 67.6 67.4 
May 21.5 22.6 215.0 171.5 77.0 76.8 
June 18.1 18.6 236.0 230.3 85.7 85.6 
 
3.3.2 Crop residues retained in the fields 
At Alipur, rice residues comprised 85, 80, 84, 78, 84 and 79 % of the all residues retained in the 
CTLR, CTHR, SPLR, SPHR, BPLR and BPHR treatments, respectively. At Digram, non-rice 
residues represented the major fraction of the retained residues, accounting for 75, 66, 72, 68, 69 and 
63 % of the total residues in the CTLR, CTHR, SPLR, SPHR, BPLR and BPHR treatments, 
respectively. For monsoon rice, the increases in retained residues at Alipur and Digram were 1.04 
and 0.67 t ha-1, respectively, for SPHR, 1.32 and 0.94 t ha-1, respectively, for BPHR and 0.93 and 
1.07 t ha-1, respectively, for CTHR relative to corresponding values for SPLR, BPLR and CTLR 
(Table 2). The mustard plots at Alipur and the wheat plots at Digram retained 0.92 and 0.62 t ha-1 
more crop residues under SPHR, respectively, 0.93 and 0.45 t ha-1 more crop residues under BPHR, 
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respectively, and 0.76 and 0.71 t ha-1 more crop residues under CTHR, respectively, than under the 
corresponding LR treatments. The BP with HR treatment, followed by SPHR, had the highest total 
retained residue values at both sites (Table 3.2). 
Table 3.4 Chemical composition of residues of different crops of the cropping systems at the Alipur 
and Digram sites of Rajshahi, Bangladesh 
Characteristics and 
crops 
Location 
 
Alipur, Durgapur, Rajshahi (LBT) Digram, Godagari, Rajshahi (HBT) 
 
Rice (straw) Mustard 
(straw) 
Irrigated 
Rice 
(straw) 
P Rice 
(straw) 
Wheat 
(straw) 
Jute 
(leaves and 
roots) 
P 
Cellulose  
(Ce, g kg
-1
) 
576 (56) 434 (28) 587 (67) *** 581 (67) 391 (12) 343 (13) * 
Lignin  
(Li, g kg
-1
) 
66 (7) 215 (19) 63 (6) *** 65 (6) 187 (15) 175 (8) ** 
Total carbon  
(TC, g kg
-1
) 
471 (14) 428 (28) 486 (16) * 470 (16) 528 (18) 532 (14) ns 
Total nitrogen  
(TN, g kg
-1
) 
5 (0.3) 9.1 (0.8) 4.9 (0.3) *** 4.7 (0.3) 7.4 (0.3) 14 (0.7) *** 
Ce/Li 8.73 (0.6) 2.02 (0.4) 9.32 (0.95) *** 8.93 (0.8) 2.1 (0.3) 1.96 (0.2) *** 
Li/TN 13.2 (1.4) 23.6 (2.9) 12.8 (0.9) ** 13.8 (0.5) 25.3 (1.4) 12.5 (0.8) ** 
Ce/TN 115 (5.3) 47.7 (2.3) 120 (4.3) *** 124 (6.9) 52.8 (2.8) 24.5 (1.6) *** 
(Ce+Li)/TN 128 (5.2) 71.3 (4.1) 133 (6.1) ** 137 (5.8) 78.1 (3.9) 37 (2.0) *** 
TC/TN 94.2 (7.5) 47.01 (4.6) 99.2 (8.2) *** 100 (4.1) 71.3 (4.3) 38 (2.9) ** 
ns, not significant. Each value represents a mean (n=4), Standard Error of Mean ((S.E.M (±)) are 
included in parentheses. 
*  p < 0.05; ** p < 0.01; *** p < 0.001 
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3.3.3 Chemical characteristics of the added residues 
The TC values were significantly higher in rice residue (486 g kg-1) than in mustard residue (428 g 
kg-1) (Table 3.4). The rice residue also had significantly higher cellulose content than the mustard 
residue, whereas the latter had higher lignin (215 g kg-1) and TN (9.1 g kg-1) contents than the former 
(p < 0.05). In the Digram soils, the cellulose (p < 0.05) and lignin (p > 0.05) concentrations were 
higher in the wheat residue than in the jute leaf and root residues. The TN, P and K concentrations 
were significantly higher in the jute residues than in the wheat residues, whereas the TC 
concentrations were similar (p > 0.05). The Ce/Li, TC/TN, (Li + Ce)/TN and other ratios followed 
the same pattern as the TN concentrations in the monsoon rice, boro rice and wheat residues (Table 
3.4). 
3.3.4 Selected soil properties influenced by tillage practices and residue retention 
After five years of CA practices, the effect of tillage on the BD of the soils at Alipur and Digram 
varied significantly with residue retention (p < 0.05) (Tables 3.5 and 3.6). The lowest BD at both 
Digram and Alipur was in the HR treatments and varied among the different tillage treatments with 
the following order: SP < CT < BP. The SP with HR treatment reduced the BD by 0.12 g cm-3 at both 
Alipur and Digram relative to the CT with LR treatment (Tables 3.5 and 3.6). At Alipur, the 
application of increased residue retention in the SP, BP and CT treatments increased porosity values 
by 4.3 %, 2.4 % and 2.3 %, respectively, relative to the CTLR treatment (Tables 3.5 and 3.6). At 
Digram, the SPHR, BPHR and CTHR treatments had the highest porosity values, which were 4.6 %, 
2.1 % and 2.6 % higher than that of the CTLR treatment, respectively. 
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Table 3.5 Selected characteristics of the 0-10 cm soil layer of the studied area at Alipur after five 
years of varied soil disturbance practices and residue retention. Values are means of four replicates. 
Treatments Characteristics 
Bulk 
density 
(g cm-3) 
Porosity 
(%) 
pH 
(H2O) 
Total N 
(g kg-1) 
Total 
organic C 
(t ha-1) 
Microbial 
biomass C 
(mg kg-1) 
CTLR 1.49 41.3 6.4 0.53 6.56 125 
CTHR 1.41 43.6 6.4 0.65 7.90 164 
SPLR 1.47 42.1 6.6 0.64 9.11 112 
SPHR 1.37 45.6 6.8 0.86 10.8 168 
BPLR 1.46 42.5 6.5 0.71 7.45 111 
BPHR 1.43 43.7 6.6 0.79 10.02 142 
LSD0.05 (tillage × 
residue retention) 
0.08* 0.78* ns 0.08* 0.84* 19.9* 
Legend: BP ‒ bed planting, CT ‒ conventional tillage, and SP ‒ strip planting; HR ‒ high residue 
retention and LR ‒ low residue retention. 
 
The pHs at Alipur and Digram were unaffected by residue and tillage. The TN content in the 
Alipur soils after 14 crops varied among the tillage practices (p < 0.05) and between the crop residue 
retention practices (p < 0.01; Table 3.5). Among the tillage practices, SP, followed by BP, had the 
greatest improvement on the N status. Increased residue retention improved the TN status in both the 
Alipur and Digram soils (0.76 g kg-1 and 0.66 g kg-1, respectively) compared to the LR TN values 
(0.63 and 0.55 g kg-1, respectively). The effects of SPHR on TN in the Alipur and Digram fields were 
significantly higher than the other treatment combinations (the TN values of SPHR were 62, 34, 21, 
32 and 9 % higher than those of CTLR, SPLR, BPLR, CTHR and BPHR, respectively). The TN 
values ranged from 0.53 to 0.86 g kg-1 at Alipur and from 0.49 to 0.75 g kg-1 at Digram. 
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Table 3.6 Selected physical and chemical characteristics of the 0-10 cm soil layer at Digram after 
five years of varied soil disturbance practices and residue retention. Values are means of four 
replicates. 
Treatments Characteristics 
Bulk 
density 
(g cm-3) 
Porosity 
(%) 
pH (H2O) Total N 
(g kg-1) 
Total 
organic C 
(t ha-1) 
Microbial 
biomass C 
(mg kg-1) 
CTLR 1.53 40.5 6.10 0.49 6.43 93 
CTHR 1.46 43.1 6.40 0.58 7.83 136 
SPLR 1.50 41.9 6.40 0.59 9.00 84 
SPHR 1.40 45.1 6.70 0.76 10.22 142 
BPLR 1.51 41.3 6.30 0.58 8.31 79 
BPHR 1.47 42.6 6.50 0.66 9.85 111 
LSD0.05 (tillage × 
residue retention) 
0.05* 0.81* ns 0.08* 0.53* 21.8* 
Legend: BP ‒ bed planting, CT ‒ conventional tillage, and SP ‒ strip planting; HR ‒ high residue 
retention and LR ‒ low residue retention. 
 
3.3.5 MBC under different tillage practices and residue retentions 
In the Alipur soils, MBC varied due to tillage practices and residue retention levels (p < 0.05). At 
Alipur, the CT, SP and BP treatments under HR had similar MBC values (p > 0.05; Table 3.5). At 
Digram, the SPHR and CTHR treatments had similar but significantly higher amounts of MBC than 
other combined treatments of tillage practices and residue retentions. The MBC values ranged from 
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111 to 168 mg kg-1 soil at Alipur and from 79 to 142 mg kg-1 soil at Digram. The lowest MBC values 
were invariably measured in BP plots with LR at both Alipur and Digram (Tables 3.5 and 3.6). 
3.3.6 TOC under different tillage practices and residue retentions 
The tillage practices and residue retention levels affected the TOC content in the soils of Alipur and 
Digram (p < 0.05; Tables 3.5 and 3.6). At both Alipur and Digram, the SPHR treatment had a 
significantly higher TOC content than the other treatment combinations. At Alipur, the SPHR values 
were 65, 45, 37 and 19 % higher than those of CTLR, BPLR, CTHR and SPLR, respectively, 
whereas the BPHR values were 52, 26, 10 and 34 % higher than those of CTLR, CTHR, SPLR and 
BPLR, respectively. At Digram, the SPHR TOC levels were 68, 38, 30 and 19% higher than those of 
CTLR, CTHR, BPLR and SPLR, respectively, while the BPHR values were 54, 24, 9 and 18 % 
higher relative to those of CTLR, CTHR, SPLR and BPLR, respectively. 
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Figure 3.4 Water soluble C in soils treated with different soil disturbance practices and residue 
retention levels. Mustard and irrigated dry season rice were grown at Alipur in winter and early 
summer seasons, respectively. [Legends: BP ‒ bed planting, CT ‒ conventional tillage, and SP ‒ strip 
planting; NP – Non-puddling; HR ‒ increased residue retention and LR ‒ farmers’ practice. Vertical 
bars represent LSD (P < 0.05). The information provided in the figure regards the 0-10 cm soil depth. 
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Figure 3.5 Water soluble C in soils treated with different crop establishment practices and residue 
retention levels. Wheat and jute were grown in Digram in winter and early summer seasons, 
respectively. [Legends: BP ‒ bed planting, CT ‒ conventional tillage, SP ‒ strip planting, NP ‒ Non-
puddling; HR ‒ increased residue retention and LR ‒ farmers’ practice. Vertical bars represent LSD 
values (P < 0.05). The information provided in the figure regards the 0-10 cm soil depth. 
 
0
40
80
120
160
200
240
280
320
360
20-Nov 5-Dec 20-Dec 4-Jan 19-Jan 20-Feb 20-Mar
SPLR
SPHR
Wheat (a) 
0
40
80
120
160
200
240
280
320
360
6-Apr 21-Apr 16-May 15-Jun 10-Jul
SPLR
SPHR
Jute (b) 
0
40
80
120
160
200
240
280
320
360
20-Nov 5-Dec 20-Dec 4-Jan 19-Jan 20-Feb 20-Mar
BPLR
BPHR
Wheat (c) 
0
40
80
120
160
200
240
280
320
360
6-Apr 21-Apr 16-May 15-Jun 10-Jul
BPLR
BPHR
Jute (d) 
0
40
80
120
160
200
240
280
320
360
20-Nov 5-Dec 20-Dec 4-Jan 19-Jan 20-Feb 20-Mar
CTLR
CTHR
Wheat (e) 
0
40
80
120
160
200
240
280
320
360
6-Apr 21-Apr 16-May 15-Jun 10-Jul
CTLR
CTHR
Jute (f) 
W
at
e
r 
 s
o
lu
b
le
 C
 (
µ
g/
g 
so
il)
 
Actual days 
 87 
 
3.3.7 WSC 
Tillage practices altered the WSC content for only the initial three samplings, while residue retention 
affected the WSC content for all samplings at both sites. The average WSC content in rice soil at the 
Alipur site (163 mg kg-1 soil) was significantly higher than that in the plots of other crops at both 
sites (Figure 3.4). The next highest average WSC contents were associated with jute and mustard 
soils (124 and 115 mg kg-1 soil, respectively). The WSC contents were significantly higher in soils 
treated with CTHR for 4 years at both the Alipur and Digram sites (166 and 133 mg kg-1 soil, 
respectively). The next highest values were associated with BPHR (148 and 122 mg kg-1 soil at 
Alipur and Digram, respectively) and SPHR (143 and 118 mg kg-1 soil at Alipur and Digram, 
respectively) (Figures 3.4 and 3.5). Significantly higher WSC contents were invariably associated 
with increased residue retention (153 and 124 mg kg-1 soil at Alipur and Digram, respectively) 
relative to low residue retention (125 and 98 mg kg-1 soil at Alipur and Digram, respectively). 
 
3.3.8 Carbon dioxide emission 
3.3.8.1 Carbon mineralization in soils under mustard and irrigated rice cultivation 
The cumulative emission of C as CO2 and CH4 per tonne of SOC stored by rice soils in all the 
treatments increased over the first 55-60 days after sowing or transplanting, at which point the rate of 
increase slowed down (Figure 3.6). During the cultivation of mustard and rice, the release of C from 
the soils (in the form of CO2 and CH4) with LR treatments was lower than from soils with HR 
treatments (p < 0.05) at different sampling dates up to the harvest (Figure 3.6). Again, while the 
SPLR recorded the lowest respired C as CO2 and CH4, the cumulative C mineralization in soils under 
mustard cultivation was highest in CTHR and CTLR (30.4 and 29.8 kg C t-1 SOC) followed by 
BPLR, BPHR and SPHR, respectively (p<0.05). At the end of the study, the CTHR treatment had 
emitted 5.4, 9.9, 10.0 and 13.6 more kg C t-1 SOC season-1, while CTLR treatment had emitted 4.8, 
9.3, 9.6 and 13 kg C t-1 SOC season-1 more than the BPLR, SPHR, BPHR and SPLR treatments, 
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respectively (Figure 3.6). In the rice soils, the highest cumulative C mineralization (43.8 kg C t-1 
season-1) was recorded in the CTHR treatment at the end of the study period which was statistically 
similar to CTLR (40.1 kg C t-1 SOC season-1; p>0.05). The respired C in the CTHR treatment was 
followed by that of the BPLR treatment (35.9 kg C t-1 SOC; p < 0.05), whereas the cumulative 
mineralized C values of the NPHR and NPLR treatments in rice soils were significantly lower (16.1 
and 16.2 kg C t-1 SOC) than that of the CTHR value, respectively (p < 0.05). The C evolution from 
rice soils treated with CTHR, CTLR, BPLR and BPHR was significantly higher than NPHR and 
NPLR practices. The lowest C mineralization was recorded in the SPLR treatment under mustard and 
rice field soils (p < 0.05). In total, the SPHR, SPLR, BPHR, BPLR, CTHR and CTLR treatments 
mineralized 4.81, 4.44, 5.37, 6.10, 7.42 and 6.99 % of the TC present in the soils during the mustard 
and irrigated rice growing seasons. Overall, the soils containing higher C exhibited more C 
mineralization, except CTLR and BPLR soils, in which more C was mineralized than in CTHR and 
BPHR soils, respectively (Table 3.5 and Figure 3.6). Overall, more C was mineralized in the CTHR 
and CTLR treatments than in the other treatments, which is consistent with the lower C contents of 
the soils under these treatments. 
 
3.3.8.2 Carbon mineralization in soils under wheat and jute cultivation 
Significantly more cumulative C was mineralized in the CTHR and CTLR treatments (21.4 and 20.7 
kg C t-1 SOC, respectively) for soils under wheat cultivation than in other treatments (p < 0.05), while 
similar amounts of C were mineralized in the BPHR and BPLR treatments (p > 0.05). However, in 
terms of C mineralized in soils under jute cultivation, the CTHR treatment (31.9 kg C t-1 SOC) had 
significantly more mineralized cumulative C than the other treatments. At the end of the wheat 
growing season (winter), the SPLR soils had emitted 7.5, 6.8, 3.9 and 2.9 kg C t-1 SOC less than the 
CTHR, CTLR, BPHR and BPLR soils, respectively. Again, SPHR soil had mineralized 7.1, 6.4, 3.5 
and 2.4 kg less C t-1 SOC than the CTHR, CTLR, BPHR and BPLR soils, respectively. Overall, 
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SPLR at the end of the jute season had 14.3, 8.4 and 5 kg lower C emitted t-1 SOC under jute soils 
than CTLR and BPLR, respectively. Likewise, at the end of the jute growing season, SPHR soils had 
emitted 11.9, 5.9 and 2.5 kg C t-1 SOC less than with CTHR, CRLR and BPLR treatments, 
respectively (Figure 3.6). In both cases, the lowest cumulative C mineralization was also found in 
SPLR (p < 0.05). During the wheat and jute growing seasons, Digram soils under SPHR, SPLR, 
BPHR, BPLR, CTHR and CTLR mineralized 3.43, 3.14, 3.99, 3.93, 5.35 and 4.68 % of the TC 
present in the respective soils. Similar to the Alipur results, the Digram soils with higher TOC 
contents also released higher amounts of C as CO2. The BPLR soils were also the exception at 
Digram, as they exhibited more C mineralization than the BPHR soils (Table 3.5 and Figure 3.6). 
3.9 Carbon dynamics 
The C mineralization values as a function of time and the fitted single-exponential model for the 
different soil disturbance practices and residue retention levels are shown in Table 7. In general, the 
R2 values were all close to 1, and the standard errors were very low (Table 3.7), indicating that the 
selected model satisfactorily describes the C mineralization process. 
 
3.9.1 Potentially mineralizable C pool (Co) and mineralization rate constant (mg C [g C]-1 day-1) 
Overall, the CTLR treatment produced the smallest potentially mineralizable C pool (Co) under the 
mustard crop at Alipur, whereas the SPHR treatment (followed by BPHR and SPLR) produced the 
largest Co (p < 0.05; Table 3.7). Between the residue retention practices, soil with more residue had 
the higher Co (Table 7). However, the decay rate was significantly higher for the CT treatments 
(0.017 mg C [g C]-1 day-1) than for the SP and BP treatments, which had the same decay rate (0.011 
mg C [g C]-1 day-1). Between the residue retention practices, greater residue retention resulted in a 
significantly higher decay rate (Table 3.7). Low decay rates and high PMC values were found in soils 
under the mustard crop in the SP treatment, while high decay rates and low PMC values were 
observed in the CT and BP treatments. 
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Figure 3.6 Cumulative CO2 emissions in soils (kg respired CO2 per tonne of SOC) treated with 
different soil disturbance practices and residue retention levels in two fields in two seasons. Mustard 
and Irrigated dry season rice were grown at Alipur in winter and early summer season, respectively, 
while wheat and jute were grown in Digram in winter and early summer seasons, respectively. 
[Legends: BP ‒ bed planting, CT ‒ conventional tillage, and SP ‒ strip tillage, NP ‒ Non-puddling; 
HR ‒ increased residue retention and LR ‒ farmers’ practice. Each marker point represents mean (n = 
3) and vertical bars indicate S.E.M. (±). The soils studied were Calcareous Brown Flood Plain soil 
(Aeric Eutrochrept) at Alipur and Gery Terrace soil (Aeric Albaquepts) at Digram. The information 
provided in the figure regards the 0-10 cm soil depth. 
 
In the Alipur soils under irrigated rice, the SP and BP (each using NP) treatments produced 
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value. Increased residue retention resulted in 15 % higher Co values (Table 3.7). The lowest Co value 
was observed in BPLR, while the highest was recorded in SPHR. The BP and SP with HR under rice 
soil represented the highest Co values (Table 3.7). However, the decay rate was significantly higher 
in BP (0.014 mg C [g C]-1 day-1) than in SP (0.009 mg C [g C]-1 day-1), while CT closely followed 
BP. The decay rates of high retention levels (0.014 mg C [g C]-1 day-1) were significantly higher than 
those of low retention levels (0.01 mg C [g C]-1 day-1). The BPHR treatment in rice soils had the 
highest decay rate (0.019 mg C [g C]-1 day-1) (Table 3.7). 
The Co values under wheat were higher in association with higher residue retention rates than 
with lower residue retention rates (Table 3.7). The Co values for CTLR and BPLR were 37 and 25 % 
lower than those for SPHR. The SPHR Co values were also 19 and 9 % higher than those of CTHR 
and BPHR. However, CTHR had the highest decay rate (0.018 mg C [g C]-1 day-1) while SPHR had 
the lowest decay rate (0.009 mg C [g C]-1 day-1). 
In soils under jute, the Co value of the HR treatment was 111 mg C g-1 C higher than that of 
the LR treatment. Among the interaction effects, CTHR had the highest Co value (442 mg C g-1 C), 
which was closely followed by the values for SPHR (434 mg C g-1 C) and BPHR (427 mg C g-1 C). 
The lowest Co value corresponded to CTLR (258 mg C g-1 C). The mineralization rate constant 
(decay rate) in soils under jute crop cultivation varied with the interaction effects of tillage and 
residue retention levels (p < 0.05). While BPLR and SPLR exhibited the lowest decay rates (0.008 
mg C [g C]-1 day-1), BPHR and SPHR had lower decay rates (0.009 mg C [g C]-1 day-1) than CTHR, 
which had the highest overall decay rate constant (Table 3.7). 
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3.4 Discussion 
 
3.4.1 Effects of soil disturbance and residue retention practices on soil C 
Minimal soil disturbance with SP in combination with increased residue retention over 5 years 
sequestered more C from C inputs in the 0-10 cm soil layer at both sites. The increase in SOC can be 
attributed to 1) surface retention of the crop residues of three crops over the course of a year as cover 
(Table 3.2) and as additional C from the increased biomass production; 2) decreased disturbance of 
SOC and plant root residues when establishing upland crops and transplanting rice crops; and 3) 
following crop rotation with species that produce different qualities of residues. At Alipur, soil C 
accumulation under SPHR was 65% higher than the current practice (CTLR). Even SPLR plots had 
39 and 22% higher SOC values than the CTLR and BPLR plots, respectively, suggesting that 
minimizing soil disturbance, even without increasing residue retention is beneficial in this cropping 
system for soil C accumulation. The TOC contents in SPHR were only 8% higher than in BPHR. In 
the treatments with the least soil disturbance (SP) and greater surface residue retention, the patterns 
of SOC increase were similar for both Alipur and Digram, despite differences in rotation crop types 
and soil types. 
An extra of 1.90 and 1.39 t C ha-1 with HR can be attributed to increased residue input at 
Alipur and Digram sites, respectively, relative to LR. Though the HR treatment doubled the amount 
of residue added relative to the current LR practices (Table 3.2), lower CO2eq emission t
-1 of SOC 
was recorded with the SP with either LR or HR and BPHR (except for wheat) which also resulted in 
increased C storage in comparison with C inputs to each practice. In other words, the practices 
capable of retaining more organic C from the inputs had lower CO2eq emission. Thus, overall the 
SOC sequestration was greatest in the SPHR treatment (Figure 3.6). Six et al. (2002) found that SOC 
contents increased by ~212 to ~438 kg C ha-1 year-1 under zero tillage (ZT) relative to CT in tropical 
and temperate systems. Sapkota et al. (2017) found a three-fold increase in SOC stocks under residue 
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retention and minimum tillage compared to no residue retention and CT practices.  In Indo-Gangetic 
Plains, SOC storage increased at a rate of between 0.16 and 0.49 t C ha-1 yr-1 with minimum 
disturbance of soil and residue retention compared to CT practice (Powlson et al., 2016). Other 
studies also showed SOC increases related to retention of more than 30% of crop residues and 
minimal disturbance of the soil (Virto et al., 2011). 
Previous study found that soil C accumulation peaks at rates of 430–710 kg C ha-1 year-1 
within 5 to 10 years of the implementation of CA (Ghimire et al., 2014; West and Post, 2002). But 
the benefits of following CA are undone by soil puddling for wetland rice (Sapkota et al., 2017), if 
CA practices are applied only to the upland crops in rice-upland crop rotations (Hobbs et al., 2008). 
On the contrary, residue decomposition under anaerobic soil conditions is slower than decomposition 
under aerobic conditions (Kirk and Olk, 2000). However, current research has found that following 
SP for upland crops and SP followed by NP for rice together with HR retention for all crops in the 
rice-upland cropping systems increased C stocks in the soil after 5 years to values that were almost 
double that achieved via the CT, soil puddling and residue removal. Moreover, the SPLR and SPHR 
treatments also outperformed the BPLR and BPHR treatments in conserving C in soils. This 
difference can be attributed to the higher degree of soil disturbance (Haque et al., 2017) and to more 
frequent wetting and drying episodes for the raised beds during irrigation and rainfall. The permanent 
shallow raised beds were reshaped two or three times in a year which incorporated nearly 30–40% of 
the residues left on the surface, and enhanced the mineralization and loss of SOC compared to the 
SP/NP treatment with surface residue retention. Similar results were obtained by Sapkota et al. 
(2017) for rice wheat double-cropping systems. 
The increase in soil C was associated with lower levels of cumulative release of C as CO2 
and/or CH4 in the rice-based cropping systems in both soil types (Tables 3.5 and 3.6 and Figure 3.6). 
At the end of the study, the cumulative C mineralization in the soils in the SPLR, SPHR and BPLR, 
BPHR treatments were lower compared to those of the CTLR and CTHR soils. Seven years of direct 
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seeding in ZT plots or on permanent raised beds for rice-wheat cropping was also associated with an 
increase in soil C accumulation together with a significant decrease in soil C mineralization (Sapkota 
et al., 2017). The higher PMC values under SP/NP with HR are consistent with the increased SOC 
content in these soils, as the higher PMC is an indication of the slow decomposition of SOM and the 
eventual SOC accumulation (Raiesi, 2006). However, the higher MBC values in the current study 
under SP/NP with HR soils were also positively related to the high SOC contents in the soils. Liu et 
al. (2012) and Song et al. (2016) found similar results, i.e., increased organic C and MBC contents in 
soils in association with increased residue retention and minimal soil disturbance. Hence, the 
increased PMC, MBC and lower WSC and CO2eq emission under the SP and SP followed by NP 
together with increased residue retention appear to lead to stabilization and accumulation of SOC in 
these rice-based cropping systems. Either minimum disturbance or increased residue increased SOC, 
i.e. the two CA principles acted independently to increase SOC.   
 
In addition to the direct effects of minimal soil disturbance and HR on C sequestration, 
material retained on surface lowered the soil temperature (Figure 3.3a, b), which probably further 
contributed to the reduced C mineralization (Lal et al., 2007). Conventional tillage practices resulted 
in a mean soil temperature that was on average 1.3-1.9°C higher during winter and early summer 
seasons relative to the SP practices. The average soil temperature was slightly higher in SP than in 
BP from the planting of mustard through the harvesting of rice in June at Alipur. Similarly, in 
Digram, the average soil temperature was slightly higher in SP relative to BP throughout the wheat 
and jute growing period, regardless of the residue retention practices. Naresh et al. (2011) also 
reported a similar result for BP and suggested that tillage systems that leave most residue on the soil 
surface result in lower soil temperatures. Green and Lafond (1999) reported that the soil temperature 
during summer was higher under CT than under minimal tillage with surface-retained residue. In our 
case, the lower temperatures recorded under SP and BP might help reduce the C loss through reduced 
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mineralization. On the other hand, the effect of lower temperature under BP than SP on SOC was 
probably counterbalanced by the additional soil disturbance under BP. 
Tillage and residue retention effects on soil C sequestration also varied among different soil 
types.  In the current study, the higher soil moisture, improved N status, decreased BD, more 
favorable pH and higher porosity (Tables 3.5 and 3.6) might be responsible for the increased C 
mineralization in the silty loam soil at Alipur than in the silty clay loam soil at Digram. However, the 
higher C storage values recorded in the Alipur soils are also attributable to the larger amounts of C 
retained in soils from added C inputs by 14 crops than at Digram (13 crops). In addition, there may 
have been a contribution from greater in-season biomass C added to the soil due to algal growth in 
the rice flood water (Roger and Watanabe, 1984). 
 
3.4.2 CO2 emissions 
The increases in soil C with SP and HR were associated with decreases in the cumulative release of 
C as CO2 and/or CH4 (i.e., CO2eq) in the rice-based cropping systems on both soil types (Tables 3.5 
and 3.6 and Figure 3.6). During the mustard growing season at Alipur, the emissions from soils under 
SPHR were 48.5, 45.6 and 21.9 % lower t-1 of SOC than those under CTHR, CTLR and BPLR, 
respectively. During the wheat growing season at Digram, the emissions from soils under SPHR 
were 50, 44.9 and 24.2 % lower t-1 of SOC than those of CTHR, CTLR and BPHR, respectively.  
During the jute growing seasons at Digram, the emissions from soils under SPHR were 59.3, 29.5 
and 12.5 % lower t-1 of SOC than those under CTHR, CTLR and BPLR, respectively. The 
incorporation of the NP method in the rice–based cropping system offers potential reductions in 
terms of the CO2–eq releases t
-1 SOC stored from inputs (SPHR decreases CO2–eq releases t
-1 of 
SOC by 58, 45 and 30% over CTHR, CTLR and BPLR, respectively) and accordingly helps 
sequester more C in the soil relative to the conventional puddling method. Both the SPLR and SPHR 
offer the greatest savings (almost similarly) in terms of CO2eq emissions t
-1 SOC stored from inputs. 
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Rice and jute, which are grown during the early monsoon period, were associated with higher C 
releases relative to other crops grown in the same fields during the winter period (Figure 3.6). 
Minimal disturbance of the soil and surface application of residue probably maintained a low 
WSC level throughout the growing seasons by regulating the microbial activities and decomposition 
of residues. The higher WSC values recorded under CTHR and BPHR during the growing season for 
all crops might also cause higher CO2eq releases from these soils. Sainju et al. (2012) found a 
positive relationship between WSC and SOM mineralization, and the methods of application and the 
amount of added residue also affect the WSC and C mineralization values. In our study, the repeated 
and increased residue incorporation (three times a year) in the CT practices resulted in higher WSC 
values and higher CO2eq emissions compared to minimal soil disturbance and retention of residue on 
the soil surface. 
Continuous minimal disturbance of soil together with increased residue retention practices 
resulted in higher MBC contents than tillage practices with low residue retention practices. The 
higher MBC values in soils under CT, SP and BP with HR might be attributed to substrates with 
more residue retained from three crops per year. The greater crop or biomass productivity under 
tillage practices with HR (Table 3.2 and Haque et al., 2016) also may be responsible for the increased 
MBC and SOC levels in the soils (Liu et al., 2016). Soil MBC, microbial activity, SOC and C 
mineralization can all be increased via the addition of organic amendments under conventional tillage 
practices; however, the minimal tillage practices in our experiments, particularly SP, retain residues 
on the surface or standing, and the poor microbial colonization due to less contact with soil probably 
retards residue mineralization (Broder and Wagner, 1988). 
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Table 3.7 Potentially mineralizable C (Co) and decay rate (K) of soil organic carbon accumulated in different crop-growing conditions 
(mustard, rice at Alipur and wheat and jute at Digram) during two different seasons (mustard and wheat during the winter season and jute 
and rice during the early summer season) under soil disturbance and residue retention practices 
Treatments/ 
dynamic 
parameters 
Alipur Digram 
Mustard Rice Wheat Jute 
C0 
(mg C 
g
-1
 C) 
K 
(mg C  
[g C]
-1
  
day
-1
) 
R
2
 C0 
(mg C 
g
-1
 C) 
K 
(mg C  
[g C]
-1
 
day
-1
) 
R
2
 C0 
(mg C 
g
-1
 C) 
K 
(mg C  
[g C]
-1
 day
-
1
) 
R
2
 C0 
(mg C g
-
1
 C) 
K 
(mg C  
[g C]
-1
 
day
-1
) 
R
2
 
BPHR 326 0.012 0.997 468 0.019 0.9973 236 0.012 0.990 427 0.010 0.989 
BPLR 299 0.010 0.995 390 0.010 0.9953 206 0.010 0.990 363 0.008 0.988 
CTHR 308 0.017 0.993 484 0.014 0.9943 216 0.018 0.988 442 0.016 0.987 
CTLR 278 0.015 0.997 443 0.012 0.9970 189 0.013 0.987 259 0.011 0.985 
SPHR 343 0.015 0.994 514 0.011 0.9947 258 0.009 0.990 434 0.010 0.989 
SPLR 322 0.008 0.996 443 0.010 0.9973 211 0.011 0.989 347 0.008 0.990 
S.E.M (±) 18.2 0.0018 0.002 28.6 0.001 0.001 14.0 0.002 0.003 32.5 0.001 0.002 
LSD 29.4* 0004* Ns 40.0* 0.003* ns 28.2** 0.004* ns 69.1* 0.003* ns 
Legend: BP ‒ bed planting, CT ‒ conventional tillage, and SP ‒ strip tillage, NP ‒ non-puddling; HR ‒ high residue retention and LR ‒ low 
residue retention (farmers’ practice). LSD ‒ least significant difference; S.E.M. ‒ standard error of means. *indicates significant at the 5% 
level of significance, and **indicates significant at the 1% level of significance. The information provided here is only valid for 0-10 cm 
soil depth. 
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3.4.3 Forms of C and C cycling 
Residue retained in the rice-wheat-jute and rice-mustard-rice cropping systems had significant 
differences in C turnover rates that may be related to quantity, litter quality and soil aeration 
conditions. Both the cropping systems added similar amounts of residues (by weight) to the soil 
per year, but higher C mineralization occurred in the rice-dominated cropping systems. If a 
rotation is rice dominated, similar to the one followed at Alipur, the soils remain underwater for 
more than eight months a year. In contrast, the soils under the more diverse crop rotation at 
Digram remain underwater for only four months. Additionally, rice residues contain higher levels 
of phenolic compounds (Olk et al., 1998). Collectively, the degradation of the compounds in 
mustard and rice residues is expected to be slow and incomplete due to the submerged conditions 
and the slow lignin and phenol degradation, even in aerated soils (Olk et al., 1998). Current 
evidence suggests that retaining residues under prolonged anaerobic (submerged) conditions 
reduce decomposition and mineralization of the residues compared to those under aerobic 
conditions (Liping and Erda, 2001). However, the monsoon and irrigated rice crops cultivated at 
Alipur have higher cellulose contents, lower lignin contents and lower (Ce+Li)/TN and C/N 
ratios than the monsoon rice-wheat, and -jute crops at Digram. These factors all favor faster 
decomposition (Table 4). Mustard residues have 11 and 15% higher cellulose and lignin contents, 
respectively, than wheat residues, while rice residues have 71% higher cellulose contents and 
almost three times lower lignin contents than jute residues (Table 3.4). In addition, at Alipur, 
mustard residues with higher lignin contents and rice crop residues with higher cellulose contents 
were retained in the wet soils under irrigated rice. The slowly degradable phenolic compounds, 
cellulose and lignin from frequently applied residues might increase the C stocks by resisting 
degradation through heterotrophic respiration over the 5-year study period. Although the wheat 
and jute residues retained at Digram soils contain higher levels of lignin, more complete 
decomposition of the residues may occur than at Alipur due to the prolonged aerated conditions. 
However, these findings were not reflected in our results for WSC and CO2 emissions, possibly 
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because the present study did not account for the additional organic matter added by algae and 
aquatic weed biomass to the flooded soils (Roger and Watanabe, 1984) or the rice root exudates 
(Bacilio-Jiménez et al., 2003) that increase the overall level of WSC and the emissions of CO2 
and CH4. Additionally, repeated episodes of wetting and drying of the rice soils might expedite 
the decomposition of residues retained in rice-dominant cropping systems, thereby enhancing the 
emission-based WSC and C losses. The potential role of wetting and drying in SOC 
mineralization are discussed below. 
In both soil types and for all crops, the cumulative C mineralization and mineralization 
rates were highest during the first two months (50-65 days) of crop growth; thereafter, the 
mineralization rate decreased (Figure 3.6). Therefore, the Co remaining after 50, 60, 55 and 65 
days for mustard, wheat, rice and jute, respectively, was increasingly inaccessible to microbial 
decomposition in all soils (Chaudhary et al., 2014; Murphy et al., 2007). The cumulative CO2eq 
evolution from soils treated with tillage practices and previous crop residues was well described 
using a first-order exponential model, with an R2 ranging from 97 to 99.9% (Table 3.7). The 
decomposition of the retained residues was faster in the conventionally tilled than that in the 
minimally tilled soils (Tables 3.5 and 3.6). Relative to conventionally cultivated soils under 
mustard cultivation, the SP soils exhibited higher Co values, probably because of the higher C 
contents, as well as the lower decay rate (Table 3.7). Hence, it would be worth assessing whether 
soils treated with SP for five years form more micro- and macro-aggregates that physically and 
chemically protect aggregate-enclosed organic C (Six et al., 2000; Song et al., 2016). The Co 
values of the BPHR and BPLR soils were also greater than those of CTHR and CTLR soils, 
respectively, while the decay rates were lower in the BP soils relative to the CT soils (Table 3.7). 
However, the lowest Co value in the rice soil was estimated for the BPHR treatment. The higher 
decay rate for Co may be the result of the frequent wet-dry cycles of the soils in raised bed 
wetland rice plots (Table 3.7). The decay rate of the resistant pool of C was also higher under rice 
with the BP treatment. The reshaping of the bed before sowing each new crop disturbs the soils 
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(Haque et al., 2017) and might also disrupt the aggregates, thereby increasing the decay rate of 
PMC. 
In wheat and jute fields, the lowest Co values were recorded in soils under the CTHR and 
CTLR treatments, possibly due to the low C contents and high PMC decay rates (Table 3.7). 
Similar to rice, soils under jute had high Co values. The CTHR, SPHR and BPHR soils had 
similar Co values, but the highest PMC decay rate was recorded for CTHR. This decay rate can 
be attributed to the soil disturbance during the CT jute establishment and the corresponding loss 
of SOC due to increased total soil porosity as found in our study (Table 3.5 and 3.6; Raiesi, 
2006). Even a small increase in soil porosity in the cultivated soils might be responsible for 
higher rates of C mineralization (Raiesi, 2006). The high Co values found in the jute soils in the 
current study (Table 7) indicate the potential increases in the SOC levels associated with jute 
cultivation due to the large input of high-quality litterfall that occurs before jute reaches maturity. 
 
3.4.4 Implications of increasing SOC contents via novel practices (strip planting and non-
puddling of soil) 
Notwithstanding the barriers to fitting CA in rice–based cropping systems in the EGP and in other 
rice growing areas of the world (Friedrich et al., 2012), the SPHR treatment has outperformed the 
conventional practices (intensive soil disturbance and residue removal) in terms of yield, soil 
health, profitability and greenhouse gas emission mitigation (Alam et al., 2016b; Haque et al., 
2016). The yield of rice, lentil and wheat under SPHR were 6.2, 23 and 9 % higher than under 
CT, respectively (Alam et al., 2016b; Islam, 2017). For boro rice, the CA practice (SPHR) saved 
19 % of the LCA GHG emissions relative to emissions estimated for CT (Alam et al., 2016a), 
while total variable cost can also be decreased by the CA practice by 22 % relative to CT (Haque 
et al., 2016).  If we apply the C sequestration performance of our 4–5–year experiments at Alipur 
and Digram to the rice-based cropland of the EGP, the conversion from conventional cropping to 
CA (SP/NP with HR) could sequester an extra 131–145 million t CO2–eq. These values exceed 
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several other estimates of soil C sequestration and greenhouse emissions from altered soil 
management practices in the EGP. After seven years, ZT rice and ZT wheat with residue in 
permanent raised beds increased the SOC contents in the 0–10 cm depth by 2.97 t C ha-1 (103 
million t CO2–eq in EGP) and 2.5 t C ha
-1 (87 million t CO2–eq in EGP), respectively (Sapkota et 
al., 2017). In accordance with the methodology of the Intergovernmental Panel on Climate 
Change, Grace et al. (2012) assessed the regional impact of ZT on the Indo-Gangetic Plain (IGP) 
and reported that changing wheat-based production from CT to ZT on the IGP could sequester 
0.2–0.4 t C ha-1 yr-1 (7–14 million t CO2eq yr
-1 in EGP). Furthermore, on the basis of published 
data on ZT in the IGP, Powlson et al. (2016) estimated a value of 0.3 t C ha-1 yr-1 (10 million t 
CO2eq yr
-1) could be accumulated in the soil of the EGP via ZT. With these amounts of SOC 
sequestered in the soil of the EGP, additional co–benefits can be expected with regard to soil 
fertility, cost savings and crop productivity due to improvements in the physical, chemical and 
biological soil properties (Krull et al., 2004). 
 
3.5 Conclusions 
Increased residue retention with minimal soil disturbance using SP (and NP for rice) after 14 
consecutive crops at Alipur (Level Barind Tract, Calcareous Brown Floodplain soil) and after 13 
consecutive crops at Digram (High Barind Tract, Grey Terrace soil) altered the C cycling by 
reducing C emissions, WSC and the decay rates of PMC and by increasing PMC and MBC. The 
net effect was an increase in the TOC levels in the soils of 0 to 10 cm depth. The greatest 
increases in SOC contents achieved with HR together with SP practices were 4.24 and 3.79 t ha-1 
higher at Alipur and Digram, respectively, than those of the current practices (CTLR). With the 
lower decay rate of PMC values, the SP with HR had greater PMC than other practices. The rice 
soils had even higher PMC values under SPHR (514 mg C g-1 C) than any other crops studied 
which contributed to increased SOC under the rice-dominated rotation at Alipur. The decline in 
WSC values and CO2 emissions and the increase in MBC values in soils under SPHR are 
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consistent with greater soil C sequestration under the practice. Overall, the rice-dominant rotation 
accumulated more SOC than rice-anchored cropping system. Crop establishment practices 
involving strip planting for upland crops and non-puddling for rice minimize the SOC losses 
relative to current crop establishment practices. In conclusion, after 4-5 years of consecutive 
crops, the SPHR treatment altered the C cycling by slowing the in-season turnover of C by 
reducing the soluble C in the soil available to microorganisms during the growing season and by 
increasing the TOC content in the 0-10 cm layer of soil. 
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Chapter 4 Soil Nitrogen Storage and Availability to Crops Increased by Conservation 
Agriculture Practices in Rice–based Cropping Systems in the Eastern Gangetic Plains 
 
Abstract 
The adoption of minimum soil disturbance and increased residue retention will alter nitrogen (N) 
dynamics in soils in the intensive rice–based triple cropping systems of the Eastern Gangetic 
Plains. The consequences of these changes for N forms, N mineralisation and N availability for 
crops have not been determined. Field experiments were conducted at two locations (Alipur and 
Digram) of north–west Bangladesh (NWB) to examine N cycling under three planting practices 
(conventional tillage (CT), strip planting (SP) and bed planting (BP)) with increased (HR) or low 
residue retention (LR– the current practice) on Calcareous Brown Flood Plain and Grey Terrace 
soils. Total N and mineral N were measured on soil samples as was N uptake by crops at different 
growth stages in the 13–14th (Alipur) and 12–13th (Digram) crops since treatments commenced. 
At each location (0–10 cm soil depth), SP, including non–puddled transplanting of rice (NP), 
together with HR increased total N by 9 and 32 % relative to BPHR, and CTHR and by 62 %  
relative to the current practice (CTLR). In general, the cumulative mineralisation of N in soils 
during mustard and rice cropping under CT with HR was higher than other tillage and residue 
retention practices while under wheat and jute, total mineralization of N did not vary among 
tillage types with increased residue retention. However, the N mineralisation in the initial stage of 
crop growth (0–60 DAS) was generally higher with CT than SP and BP. By contrast, for all 
crops, the potentially mineralisable N was higher and its decay rate was lower under SPHR than 
other tillage and residue retention practices. Conservation agriculture involving SP, and NP of 
rice, together with increased residue retention, has altered the N cycling by slowing the early 
mineralisation of N, reducing the level of mineral N available to plants in the early growing 
season when crop N requirement is low but increasing soil total N (0-10 cm) and plant N uptake 
by enhancing the synchrony between crop demand and available N supply.  
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Keywords: mineral N, N sequestration, paddy–upland rotation, recycled N, rice–based–triple 
cropping system. 
 
4.1 Introduction 
Adoption of conservation agriculture (CA) by growers in the intensive rice–based triple cropping 
systems in the EGP is increasing (Singh et al., 2011; Taneja et al., 2014; Haque et al., 2016). 
Minimum soil disturbance such as zero tillage or strip planting have been developed for upland 
crops in the rice growing regions of the Indo-Gangetic Plains (Gathala et al., 2015; Bell et al., 
2017). However, the benefits of CA practices in upland cropping for soil properties are destroyed 
during wetland cropping following tillage and puddling. Non–puddled transplanting of rice, a 
novel crop establishment practice designed for CA cropping systems (Alam et al., 2016b; Haque 
et al., 2016), along with zero tillage or strip planting are CA-compatible practices for rice. The 
cycling of N in soils of intensive rice–based triple cropping systems under the CA practices 
through the rotation of winter and summer season crops has not been studied till now.  
An improved knowledge about the dynamics of residue nitrogen (N) turnover and soil native N 
mineralisation is required to quantify the implications of changes by tillage and crop residue 
management practices on soil quality, crop production and N fertilizer management. As native 
soil N mineralisation provides 20–80 % of the N used by plants (Broadbent, 1984), the 
management of crop residues in CA has crucial effects on soil N supply (Kumar and Goh, 2003). 
Native soil N mineralisation determines the amount of N fertiliser required to optimize crop yield 
and profit (Kader et al., 2013) for farmers.  
 
The suitability of crop residues as a source of N depends on the rate of net mineralisation of N in 
relation to the demand of the growing crop (Watkins and Barraclough, 1996). Jin et al. (2008) 
reported that N mineralisation was also strongly regulated by the quality and placement of the 
residues. While conventional tillage practices incorporate residues into the soil, crop residues 
remain at the soil surface in minimum tillage (Curtin et al., 2008) where they are less accessible 
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to microbial breakdown (Verhulst et al., 2013). The quality and amounts of residues added to the 
soil are determined by the crop species in the rotation (Wienhold and Halvorson, 1999; Alam et 
al., 2016a; Alam et al., 2018). Crop rotation (Baldock 2007), residue retention (Franzluebbers et 
al., 1994) and tillage (Zhou et al., 2014) alter N dynamics, which are also important for 
sequestering N in soil (Balota et al., 2004). The retention of more residues in the intensive triple–
cropping systems of the EGP will alter the dynamics of N in soil but nature of these changes is 
poorly understood. 
 
The bioavailability of N in paddy soils is strongly coupled to soil organic matter (SOM) cycling 
and is a crucial factor in determining crop yield. Soils of continuous rice double– or triple–
cropping accumulate significant amount of N over time, even with the removal of all 
aboveground biomass from the field and without organic manure application (Cassman et al., 
1995). This can be attributed to the short fallow period, incomplete re–oxidation of soils and the 
return of significant amounts of crop residues particularly roots more than once per year (Kirk 
and Olk 2000). In contrast, accumulated N declines in most rice–upland crop systems such as 
rice–wheat (Witt et al., 2000). Kirk and Olk (2000) and Liping and Erda (2001) found under 
anaerobic (submerged) conditions that both decomposition of organic residues and mineralisation 
rates of residues and native SOM are considerably retarded in comparison with those under 
aerobic (upland) conditions. By contrast, Huang et al. (1998) and Kader et al. (2013) reported 
stronger N mineralisation of paddy soils under submerged conditions than under non–submerged 
conditions, which could be due to the higher metabolic utilisation of SOM under anaerobic 
condition and release of some mineral bound N resulting from Fe reduction. Zhou et al. (2014) 
reviewed N cycling in paddy–upland crop rotations and found the rotation caused soil N 
depletion due to over use of irrigation water, excessive disturbance of soil, removal of residues 
from field or burning.  
In the ecosystem of the EGP where rice is the dominant crop of triple–cropped paddy–upland 
rotations and there are short fallow periods and periodic drying–wetting of soils there is limited 
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understanding of the dynamics of soil N storage and release (Wang and Hsieh, 2002). Drying and 
rewetting of soils either by seasonal changes or by midseason drying control decomposition of 
retained residues and consequently modify N dynamics in rice–based intensive cropping systems 
(Kirk and Olk, 2000). During drying and rewetting of soils, microbial activity increases, resulting 
in increased SOM decomposition (Orchard and Cook, 1983) and N release. However,  under the 
decreased soil disturbance and increased residue retention of CA practices in intensive rice–based 
cropping systems, the N dynamics and cycling may well differ (Smith et al., 2001; Sisti et al., 
2004). For the intensive rice–based cropping systems, there are also knowledge gaps in relation to 
the crop-to-crop dynamics of N cycling in soils and their implications for soil N sequestration. 
 
Reliable prediction of N mineralisation from residues and SOM in upland–wetland soil 
management will help to establish the rates of N fertiliser application for optimum and economic 
crop yield.  Few studies using N mineralisation models have been conducted for upland or 
wetland crops in the EGP under CA practices. This study involved a recently developed non–
puddled transplanting of rice into rice– based triple cropping systems together with increased 
residue retention to determine how they perform in terms of N dynamics in soils (Alam et al., 
2016b; Haque et al., 2016). The main objective of this study was, therefore, to determine the 
effect of crop establishment by minimal soil disturbance and increased residue retention on N 
forms and N mineralisation in soils under CA practices for N uptake by rice and upland crops in 
rice–upland triple–crop rotations.  
 
4.2 Materials and Methods 
4.2.1 Climates of the experimental sites and irrigation details 
In general, maximum temperatures at Alipur and Digram ranged between 15–38°C and 17–39°C, 
respectively. In contrast, the minimum temperatures at Alipur and Digram were 9.5 and 10°C, 
respectively. April was the warmest and January the coldest month at both sites/locations. The 
annual precipitation of the study area was 1370 ± 323 mm. November, December and January 
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were almost devoid of rain. Rainfall was below average in February, March and April of 2015, 
whereas May and June experienced above average rainfall at both sites and the second quarter of 
April and May received most concentrated rainfall (Alam et al., 2018). 
 
The mustard crop at Alipur was irrigated twice, irrigated (boro) rice 10 times, while wheat in 
Digram was irrigated thrice and jute only once. The early monsoon period (April– June) 
experienced higher amount of rains than winter.  
 
4.2.2 Study site and experimental design 
Nitrogen dynamics was studied on long–term experiments in NWB at two locations (Alipur 
village, Durgapur upazila, Rajshahi division in the Agro–ecological Zone known as the Level 
Barind Tract (LBT) and Digram village, Godagari upazilla, Rajshahi division in the Agro–
ecological Zone known as the High Barind Tract (HBT)) (SRDI 2005). The LBT soil belongs to 
silty loam texture class (24 % sand, 53 % silt and 23 % clay). On the other hand, the HBT has 
silty clay loam texture class (26 % sand, 46 % silt and 29 % clay). Mica, kaolinite, interstratified 
mica–vermiculite–smectite and kaolinite–smectite are the predominant clay minerals found in the 
soils (Moslehuddin et al., 1999). The soils were slightly acidic and classed as Calcareous Brown 
Flood Plain (Aeric Eutrochrept) at Alipur and Grey Terrace soils (Aeric Albaquept) at Digram. 
The field site at Alipur was moderately drainable and the Digram was highly drainable.  
Three crop establishment practices (CT, SP/NP and BP/NP) and two residue retention levels 
(high residue retention – HR and low residue retention – LR) were examined in the field in 2014. 
The experiments were established in 2010 with four replicates of all treatments (Table 4.1) (Islam 
2016). The experimental design, followed for the previous 14 crops (three crops per year since 
2010) at Alipur and 12 crops in Digram used a split–plot layout where soil disturbance practices 
were assigned to the main plots and residue retention levels to the subplots. Low residue retention 
(LR) refers to current farmer practice for the region which involves keeping about 20 % of the 
standing rice crop residue in the field after harvest of crops. On the other hand, high residue (HR) 
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retains ~50 % of standing rice residue after harvest. The same residue retention levels were 
followed for wheat crops at Digram. For the previous lentil, mungbean and mustard crops in the 
rotation at Alipur, and the previous jute (excluding jute sticks) and chickpea crops in Digram, LR 
involved complete removal while HR returned all crop residues to the plot as mulch after sowing. 
The cropping sequence followed for the first three years in the field of Alipur was lentil (Lens 
culinaris L.)–mungbean (Vigna radiata L.)–rainfed monsoon rice, while in Digram, the rotation 
involved wheat–jute–rainfed monsoon rice up to 2012, then it was chickpea–jute–rainfed 
monsoon rice for 2013–14. In 2014–15 at Alipur, the monsoon rice was followed by mustard 
(Brassica campestris L.) and then irrigated dry season rice. The Digram site in 2014–15 had also 
monsoon rice followed by wheat and then jute.  
Chemical inputs (pesticides and recommended dose of fertilisers) for all the crops were recorded. 
The recommended fertiliser application for each of the crops grown at both sites was based on 
soil testing.  
Nitrogen as urea was applied for all crops as shown in Table 4.2. Phosphorus, potassium, sulphur 
and zinc were applied at the rate of 35, 65, 20 and 3 kg ha–1 for mustard; 120, 55, 80, 10, and 2 kg 
ha–1 for rice; 35, 75, 20, 2 kg ha–1 for wheat and 80, 15, 30, 10 and 0.5 kg ha–1 for jute crops. 
Before sowing, weeds were suppressed with glyphosate (as Roundup @1 L ha–1). For post–
emergence weed control, herbicide Sunrise 150WG@100 g ha–1 (Ethoxysulfuron 15 % WDG) 
was used. Wheat seeds were treated with Provax 200WP at the rate of 3g kg–1 seed as a 
precaution against seedling blight and foot rot. For aphid control on mustard, Actara 25 WG @ 
0.2 g/L of water was applied while Emamectin Benzoate (Proclaim 5 SG) was applied for the 
control of pod borer of mustard. Malathion (Fyfenon 57EC) was applied at the rate of 1.12 L for 
the control of leaf roller (Cnaphalocrocis medinalis), green leaf hopper (GLH; Nephotettix 
virescens), thrips (Thrips tabaci), hispa (Dicladispa armigera) of paddy rice and Carbaryl (Sevin 
85SP) at the rate of 1.70 kg ha–1 for the control of rice bug were applied. Other control measures 
and activities were typical of farmers’ practice. 
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Table 4.1 The present study involves the following treatments in the field conditions at Alipur 
and Digram sites 
Sl. 
No. 
Alipur Digram 
Mustard  (13§) Boro rice (14§) Wheat (12§) Jute (13§) 
1. Conventional tillage 
with low residue 
retention (CTLR) 
Conventional puddled 
transplanting with low 
residue retention (CTLR) 
Conventional tillage 
with low residue 
retention (CTLR) 
Conventional tillage 
with low residue 
retention (CTLR) 
2. Conventional tillage 
with high residue 
retention (CTHR) 
Conventional puddled 
transplanting with high 
residue retention (CTHR) 
Conventional tillage 
with high residue 
retention (CTHR) 
Conventional tillage 
with high residue 
retention (CTHR) 
3. Strip planting with 
low residue retention 
(SPLR) 
Strip tillage followed by 
non–puddled transplanting 
with low residue retention 
(NPLR) 
Strip planting with 
low residue retention 
(SPLR) 
Strip planting with 
low residue retention 
(SPLR) 
4. Strip planting with 
high residue retention 
(SPHR) 
Strip tillage followed by 
non–puddled transplanting 
with high residue retention 
(NPHR) 
Strip planting with 
high residue retention 
(SPHR) 
Strip planting with 
high residue retention 
(SPHR) 
5. Bed planting with 
low residue retention 
(BPLR) 
Non–puddled 
transplanting  on beds 
with low residue retention 
(BPLR) 
Bed planting with low 
residue retention 
(BPLR) 
Bed planting with low 
residue retention 
(BPLR) 
6. Bed planting with 
high residue retention 
(BPHR) 
Non–puddled 
transplanting  on beds 
with high residue retention 
(BPHR) 
Bed planting with 
high residue retention 
(BPHR) 
Bed planting with 
high residue retention 
(BPHR) 
§The number indicates crop number of the cropping systems followed in the experimental fields. 
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Table 4.2 Nitrogen added as recommended dose (kg N ha–1) 
Crops/ 
Treatments 
Alipur Digram 
Monsoon 
rice  
Mustard 
Irrigated 
rice (Boro) 
Monsoon 
rice 
Wheat Jute 
CTLR 95 60 125 90 120 40 
CTHR 90 55 115 80 110 35 
SPLR 95 60 125 90 120 40 
SPHR 90 55 115 80 110 35 
BPLR 95 60 125 90 120 40 
BPHR 90 55 115 80 110 35 
  
 
The amount of N fertiliser applied as urea to soils for all crops is given in Table 4.2. The 
increased residue retention increased the N recycled to the soil. To compensate for the N added 
with increased residue, we applied 5 kg, 5 kg and 10 kg less N ha–1 for monsoon rice, mustard 
and irrigated rice growing in soils, respectively, under increased residue retention at Alipur site. 
Similarly, 10 kg, 10 kg and 5 kg less N ha–1 were applied for monsoon rice, wheat and jute, 
respectively, growing in soils of increased residue retained plots at Digram. 
 
4.2.3 Soil Collection 
Intact soil cores were collected from field experiments in November 2014––June 2015 during 
sampling of plants. Surface soil samples (0–10 cm) were collected from three locations in each 
plot by means of a push–type auger (2.5 cm diam.). Soil was collected from both between the 
plants as well as between the rows which were then combined. The field moist soil was then 
quickly cleaned of foreign (leaves, weeds, decayed branches, and roots removed after sampling) 
materials and extracted immediately (see below). Fifteen (15) g of soils from each sample was 
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used for gravimetric moisture content determination. All measurements were carried out in 
triplicate. 
 
4.2.4 Plant N analysis 
Jute, wheat, mustard and rice crops were destructively sampled at different sampling dates (15, 
30, 45, 60, 75, 90 and 100 days for mustard; 1, 15, 30, 45, 60, 75, 90 and 110 days for rice; 15, 
30, 45, 60, 75, 90, 105 and 120 days for wheat, and 15, 25, 40, 55, 70, 85 and 95 days for jute to 
determine the biomass and N concentration in shoots. For the first two samplings of mustard, 
wheat and jute, representative 0.5 m2 quadrats of each plot was harvested; for the rest of the 
sampling events, 10 plants pre-marked were harvested with their roots; the samples were air-dried 
before oven-drying at 65-70 °C for 48 hours and converted to dry matter m-2 based on the total 
plants m-2. For each biomass sampling of rice plants, four pre-marked hills including roots from 
each plot were harvested. The samples were air-dried before oven-drying at 65-70 °C for 48 
hours which were then converted to dry matter plot-1 based on the total hills plot-1. The biomass 
of all crops was then converted to t ha-1. Nitrogen concentrations in plant samples were 
determined by the Kjeldahl method (Page et al., 1989). Plant uptake of N was calculated by 
multiplying the concentration of N in plants with their dry biomass yields to give N content. The 
N uptake by each crop at different stages of their growth was converted to percentage of total N 
available at the respective stage. 
 
4.2.5 Nitrogen mineralisation measurements 
Both NH4–N and NO3–N were extracted from the soils (10 cm depth) with 1M KCl to determine 
the available N in the soil sample (Jackson, 1956). The NH4–N and NO3–N were converted to kg 
ha–1. Total uptake of N by crops at corresponding soil sampling dates were recorded and were 
added to the amount of available N (NH4–N + NO3–N) recorded in soils to determine the amount 
of mineralised N. These values include residual mineral N from fertiliser applications. 
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4.2.6 Description of models used 
To predict the rate of N change in soil, the following parallel first– and zero–order kinetic model 
was applied (Stanford and Smith, 1972; Griffin, 2008; Nannipieri and Paul, 2009): 
Nt= No (1 – e 
–kt) + Nc 
where k is the decomposition constant in day–1, No is the potentially mineralisable N in mg N g–1 
N (PMN), Nt is the N mineralisation in time, t and Nc is the decay rate of the resistant pool of N 
in soil per day. This model assumes that the SOM consists of an easily mineralisable pool of N 
that is mineralised exponentially according to first–order kinetics, and a more resistant fraction 
that is mineralised according to zero–order kinetics (Van Kessel et al., 2000). 
Based on De Neve et al. (1996), a temperature correction function using the daily average 
temperature was used to adjust the N mineralisation rates obtained in the field to N mineralisation 
per m2 per day under field conditions (kfield) (mg N m
–2 day–1). 
 
4.2.7 Statistical analysis 
The effects of crop establishment practices (SP, BP and CT) and residue retention (LR, HR) on 
PMN and the decay rates were analysed by a split–plot analysis of variance. All data regarding N 
dynamics were statistically assessed with SPSS software package version 21 (SPSS Inc., 
Chicago, IL, USA). Means were compared by using least significant difference (LSD) at 
p < 0.05.  
 
4.3 Results 
4.3.1 Recycling of nitrogen through residue retention 
Nitrogen added through residue retention of all crops was 3–9 kg N ha–1 more with HR than with 
LR (p<0.05) (Table 4.3). In case of monsoon rice residue retention, N recycled by HR was 6.1 kg 
higher than N recycled by LR. Among the crops, N recycling during crop growth and at harvest 
was higher with jute than other crops  
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Figure 4.1 Soil N status and stocks (0-10 cm) after 14 crops at Alipur and 13 crops at Digram 
under different crop establishment and crop residue retention practices. Nitrogen stocks were 
calculated from concentrations and bulk density. [Legends: BP ‒ bed planting, CT ‒ conventional 
tillage, and SP ‒ strip planting; HR ‒ increased residue retention and LR ‒ farmers’ practice. 
Each marker point represents mean (n = 3) and vertical bars indicate S.E.M. (±). LSD0.05 for 
tillage, residue retention and their interactions at Alipur and Digram were 0.07 and ns, 0.06 and 
0.07 & 0.08 and 0.08, respectively.  
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Table 4.3 Nitrogen recycled (kg ha–1) through residue retention in soils of Alipur and Digram 
over the three growing seasons of crops in the rice–based cropping systems  
Treatments 
Alipur Digram 
Monsoon rice  Mustard Irrigated rice  Monsoon rice  Wheat Jute 
CTLR 7.20 4.02 7.20 6.40 6.9 26.7 
CTHR 12.2 11.1 13.3 13.4 13.5 32.7 
SPLR 7.70 4.59 7.00 6.60 7.80 28.8 
SPHR 14.5 13.5 14.4 13.6 14.4 33.6 
BPLR 7.70 4.61 6.70 7.10 6.80 27.1 
BPHR 14.0 13.6 14.3 13.6 13.4 30.9 
LSD0.05 1.28** 1.54* 2.33* 0.92** 1.67* 1.53* 
 
4.3.2 Total N status in soils 
Total N status in soil at Alipur after 14 crops varied among tillage and crop residue retention 
practices (p<0.01; Figure 4.1). With SPHR, total soil–N concentrations at Alipur and Digram 
fields were significantly higher than other treatment combinations. Strip planting with HR had 62, 
34, 21, 32 and 9 % higher total N than CTLR, SPLR, BPLR, CTHR and BPHR, respectively. 
Total soil–N ranged from 0.53 to 0.86 g kg–1 at Alipur and 0.49 to 0.75 g kg–1 at Digram. At 
Alipur, the SPHR, BPHR and BPLR treatment total N stocks were 1.17, 1.12 and 1.03 Mg N ha–
1, which were significant higher than N–stocks of soils under CTHR, CTLR and SPLR. At 
Digram, SPHR also had higher N–stocks (1.05 Mg ha–1) than other treatment combinations (p < 
0.05), and was followed by BPHR with 0.97 Mg ha–1 N at 0–10 cm soil. Among the two sites, the 
N stocks were higher at Alipur (1.0 Mg ha–1) than the stocks at the Digram site (0.89 Mg ha–1; p < 
0.05).  
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4.3.3 Carbon and nitrogen ratio 
The C/N ratio neither varied among crop establishment and crop residue retention practices, nor 
among the two experimental sites growing crops in mustard-irrigated rice-T.aman rice and wheat-
mungbean-T.aman rice systems. However, the C:N ratio ranged from 10.5 in bed planting with 
low residue to 14.2 strip planting with low residue retention practices at Alipur, while the ratio 
ranged from 13.1 in conventional crop establishment and low residue retention practice to 15.3 in 
strip planting and low residue retention practice at Digram (Table 4.4). 
Table 4.4 Carbon and nitrogen ratio at Alipur and Digram, Rajshahi experimental sites 
Treatments 
Alipur Digram 
C/N ratio C/N ratio 
CTLR 12.4 13.1 
CTHR 12.2 13.5 
SPLR 14.2 15.3 
SPHR 12.6 13.4 
BPLR 10.5 14.3 
BPHR 12.7 14.9 
LSD0.05 ns ns 
 
4.3.4 Biomass of the studied crops 
Biomass of the crops grown in the two fields over winter and early monsoon periods varied due 
to different crop establishment practices and residue retention levels (p<0.05). All the crop 
establishment practices with increased residue retention had higher biomass for all the crops 
except mustard which under SP and BP with LR had biomass higher than CTHR. For mustard 
crop at Alipur, wheat and jute crops at Digram, the biomass at harvest under SPHR was followed 
by biomass under BPHR. For rice crop at Alipur, biomass at harvest at SPHR followed by the 
biomass at CTHR. At harvest, the lowest biomass of mustard and jute crops were recorded with 
CTLR, whereas biomass of wheat and rice was lowest under BPLR (Figure 4.2) 
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Figure 4.2 Biomass of the studied crops over time under different crop establishment practices 
and residue retention levels in two fields in two seasons. Mustard and rice were grown at Alipur 
in winter and early summer season, respectively, while wheat and jute were grown in Digram in 
winter and early summer seasons, respectively. [Legends: BP ‒ bed planting, CT ‒ conventional 
tillage, and SP ‒ strip planting; HR ‒ increased residue retention and LR ‒ farmers’ practice. 
DAS-Days after sowing; DAT-days after transplanting]. Each marker point represents mean (n = 
3) and vertical bars indicate ±S.E.M.  
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Figure 4.3 Cumulative N mineralisation (calculated at each sampling time from plant uptake plus 
soil mineral N status at the sampling date) in soils treated with different crop establishment 
practices and residue retention levels in two fields in two seasons. Mustard and Rice were grown 
at Alipur in winter and early summer season, respectively, while wheat and jute were grown in 
Digram in winter and early summer seasons, respectively. [Legends: BP ‒ bed planting, CT ‒ 
conventional tillage, and SP ‒ strip planting; HR ‒ increased residue retention and LR ‒ farmers’ 
practice. Each marker point represents mean (n = 3) and vertical bars indicate ±S.E.M. The sites 
studied had Calcareous Brown Flood Plain soil (Aeric Eutrochrept) at Alipur and Calcareous 
Dark Grey Floodplain soil (Aeric Eutrochrept) in Digram. (    ) denotes dates of N fertiliser 
application in splits. 
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4.3.4 Nitrogen mineralisation 
 
Cumulatively mineralised N in soils varied with location, crop species and season (p < 0.05). 
However, the cumulative N mineralisation in the soils with increased residue retentions was 
significantly higher (p < 0.05) than with low residue retention (Figure 4.3).  
 
4.3.4.1 Under mustard and rice crops cultivation 
In soils supporting mustard, SP with HR mineralised 17 % less N than CTHR (p < 0.05). 
Conventional tillage with HR had 21 kg and 15 kg higher N ha–1season–1 than the levels of N 
mineralised from soils under SPHR and BPHR, while SPLR, BPLR and CTLR had 38, 27 and 27 
kg N ha–1season–1 less mineralised than CTHR practice at the end of the mustard season (Figure 
4.3).  
In soil growing rice, cumulative N mineralisation under BPHR and CTHR were the highest (149 
kg N ha–1season–1) at harvest. Non–puddled transplanting with LR mineralised less N than any 
other practice, for example, 30 and 24 % less than CTHR and BPHR, respectively. Soils under 
non–puddled transplanting with HR has 11 % lower cumulative N available than soils under 
CTHR. Initially the N mineralisation was slower in soils under SPHR and BPHR than CTHR 
treatments but from 45 days after transplanting (DAT), their N mineralisation rates exceeded that 
of CTHR (Figure 4.3). Cumulative N mineralised in rice soils under SPHR, CTHR and BPHR 
were significantly higher than with low residue retention combinations.  
With increased residue retention, the uptake of N by mustard, as a percent of N available, was 
generally higher than that under the same tillage practices with low residue retention (p<0.05) 
(Figure 4.4). The only exception was at 45DAS when N uptake as a percent of the available N 
with BPLR and CTLR were higher than BPHR and CTHR, respectively. The uptake by mustard 
of available N ranged from 10-17 % at 15 DAS, 31-49 % at 30DAS and 55 - 73 % at 45 DAS. 
The increased uptake with HR was maintained up to 90 DAS of the crop. Until 30 DAS, mustard 
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N uptake by BPHR was lower than N uptake by CTHR and SPHR. Then under BPLR and BPHR 
there was a rapid increase in N uptake from 30 to 45 DAS.  
Up to 15 DAS, the uptake of N by crops (except rice) as a percent available N, was always lower 
under CT with LR and HR than the uptake by crops under BP and SP with LR and HR (Figure 
4.4). Uptake of available N (%) by non–puddled transplanting of rice with HR was always higher 
from 45 DAT till harvest but at 15 DAT and 30 DAT, the uptake (% of available N) was higher 
with CTHR and SPHR than uptake BPHR. Invariably, final N uptake percent of available N by 
both mustard and rice were higher with SPHR (Figure 4.4). The lower uptake of N by mustard 
and rice crop under CT with LR and HR up to 30DAS compared to total available N may be 
caused by the losses of N from soil under the practice (Figure 4.4). 
 
4.3.4.2 Under wheat and jute crop cultivation 
With HR, SP and BP had 7 and 6 % higher cumulative N mineralised than CTHR (p > 0.05). 
Overall, the tillage practices with HR had significantly higher cumulative N mineralised from 
soils under wheat than the same tillage practices with low residue retention levels (p < 0.05; 
Figure 2). Strip planting with HR had 45, 33 and 31 % higher; BPHR 40, 28 and 27 % higher and 
CTHR 36, 24 and 23 % higher N mineralised than CTLR, BPLR and SPLR, respectively. Though 
initial N mineralisation was higher with CTHR, after 60 DAT the mineralisation rate decreased 
relative to that with SPHR and BPHR.  
The uptake of N (as a % of available N) by wheat was higher with CT and SP than BP until 
60DAS regardless of residue retention level. The % uptake of available N by wheat crop was 9-
15 % at 15 DAS, at 30DAS was 18-27 % and at 45 DAS, 32 % to 44 % of N available. The 
uptake of percent available N by the crop under CT and SP with LR and HR was the highest at 
60DAS. Until 60 DAS for wheat, the N uptake by BPHR was significantly lower than CTHR and 
SPHR (by 8-18 %). At the later stage of sampling, the uptake of percent N of available N was 
higher with crops grown under BPLR, CTHR and SPHR. The percent N uptake of available N by 
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wheat until 45 DAS was higher in crops under SPHR followed by SPLR, CTLR and CTHR, 
respectively (Figure 4.4). 
Jute growing in BPHR and SPHR soils had the highest mineralised N (132 kg N ha–1 season–1) 
(Figure 4.3). Up until 55 days after sowing (DAS), N mineralisation in soils under CTHR had the 
higher rate but thereafter the rate decreased compared to SPHR and BPHR. At harvest, 
cumulative N mineralisation in soils under SP, BP and CT with HR exceeded that with LR  (p > 
0.05; Figure 4.3). Among low residue treatments, CTLR had the lowest amount of N mineralised 
(p > 0.05).  
In the case of jute, the percent uptake of available N by crops in SP and BP with LR and HR was 
always higher until harvest than with CT (Figure 4.4).  
4.3.5 Nitrogen dynamics  
Soil N mineralisation data of Alipur and Digram soils were fitted with a parallel–first and zero–
order kinetic model. The N mineralisation process was adequately described (R2 ≥ 0.95) and 
standard errors were very low (Table 4.5). 
 
4.3.5.1 Easily mineralisable N pool (No) and mineralisation rate constant of the easily 
mineralisable N pool   
In mustard growing soils, for SP with HR, the easily mineralisable N pool (No) was 1.15 and 
1.13 times higher than CTHR and BPHR. Moreover, the No under SPHR was 1.8 times higher 
than CTLR practice (p < 0.05). Even with LR, SP had the higher No than CT. The higher residue 
retention level had the higher No. In case of decay rate of No, CT with HR had the highest decay 
rate while SPLR had the lowest decay rate. The decay rates of the resistant N pool showed the 
opposite results of the decay rates of the No pool (Table 4.5). 
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Table 4.5 Potentially mineralisable N (No), decay rate of potentially mineralisable N (Kn), and decay rate of resistant pool of N (Nc) for soils grown 
with different crops (mustard, rice at Alipur and wheat and jute at Digram) during two different seasons (mustard and wheat during winter season and 
jute and rice during early summer season) under several tillage and residue retention practices. Values were derived from the parallel–first and zero–
order kinetic model fitted to data plotted in Figure 2.  
Treatment
s 
Alipur Digram 
Mustard Rice Wheat Jute 
Model parameters Model parameters Model parameters Model parameters 
N0 
(mg N 
g
–1
 N) 
Kn 
(mg N 
day
–1
) 
Nc (mg 
N day
–1
) 
R
2
 
N0 
(mg N 
g
–1
 N) 
Kn 
(day
–1
) 
Nc 
(day
–1
) 
R
2
 
N0 
(mg N 
g
–1
 N) 
Kn 
(day
–1
) 
Nc 
(day
–1
) 
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2
 
N0 
(mg N 
g
–1
 N) 
Kn 
(day
–1
) 
Nc 
(day
–1
) 
R
2
 
BPHR 31.5 0.71 1.24 0.97 21.5 1.50 1.45 0.99 25.1 0.86 1.16 0.97 24.6 1.32 1.18 0.97 
BPLR 21.3 0.65 1.14 0.98 16.7 1.76 1.24 0.98 21.8 0.97 0.80 0.98 17.9 0.92 0.91 0.98 
CTHR 32.1 0.80 1.21 0.97 30.5 0.73 1.23 0.96 22.4 0.94 1.09 0.98 26.2 1.20 1.03 0.99 
CTLR 20.1 0.74 1.09 0.98 23.4 0.89 1.03 0.98 18.6 1.27 0.85 0.97 18.3 1.41 0.82 0.99 
SPHR 36.1 0.68 1.25 0.97 35.8 0.64 1.20 0.98 34.2 0.75 1.17 0.97 31.6 1.34 1.14 0.99 
SPLR 22.5 0.62 1.14 0.97 25.0 0.88 1.02 0.99 21.5 0.91 0.94 0.97 20.0 1.16 0.83 0.95 
C.V. 12.2 10.6 6.46  12.8 12.3 7.86  13.8 10.9 10.9  14.7 20.8 12.50  
S.E.M (±) 3.57 0.05 0.07  2.66 0.11 0.07  2.69 0.16 0.08  2.51 0.20 0.8  
Error D.F. 6 6 6  6 6 6  6 6 6  6 6 6  
[Legends: BP ‒ bed planting, CT ‒ conventional tillage, and ST ‒ strip tillage; HR ‒ increased residue retention and LR ‒ farmers’ practice.  [Least 
significant difference (LSD)0·05 for Tillage (Mustard) –5.31 (No), 0.11 (Kn), 0.12 (Nc), 0.04 (R
2); LSD0·05 for residue retention –6.04 (No), 0.09 (Kn), 
0.09 (Nc), 0.01 (R2); LSD0·05 for Tillage × Residue retention –8.09 (No), 0.16 (Kn), 0.16 (Nc), 0.02 (R2)]. (LSD)0·05 for Tillage (Rice) –6.87 (No), 
0.75 (Kn), 0.14 (Nc), 0.03 (R2); LSD0·05 for residue retention –3.76 (No), 0.15 (Kn), 0.11 (Nc), 0.01 (R
2); LSD0·05 for Tillage × Residue retention –5.52 
(No), 0.26 (Kn), 0.18 (Nc), 0.02 (R2)] 
(LSD)0·05 for Tillage (Wheat) –2.81 (No), 0.16 (Kn), 0.12 (Nc), 0.01 (R
2); LSD0·05 for residue retention –3.8 (No), 0.21 (Kn), 0.12 (Nc), 0.008 (R2); 
LSD0·05 for Tillage × Residue retention –4.99 (No), 0.28 (Kn), 0.21 (Nc), 0.01 (R
2)] 
(LSD)0·05 for Tillage (jute) –4.41 (No), 0.35 (Kn), 0.16 (Nc), 0.01 (R
2); LSD0·05 for residue retention –3.89 (No), 0.29 (Kn), 0.14 (Nc), 0.01 (R2); 
LSD0·05 for Tillage × Residue retention –4.48 (No), 0.25 (Kn), 0.23 (Nc), 0.02 (R
2)]
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At Alipur after mustard, in soils growing rice, non–puddling with HR had the highest potentially 
mineralisable N (No) which was followed by CTHR and BPHR (Table 4.5). The decay rate of No 
under NPLR and CTLR were also higher than decay rates of No under NPHR. Decay rates of No 
under BPHR were more than double (2.34 times & 2.75 times) the decay rates of No under SPHR 
and CTHR, respectively. Increased residue retention had the highest decay rate (p < 0.05). 
Conventional puddling with LR had the second lowest decay rate of No. The decay rates of 
resistant N pool day–1 in rice growing conditions were also higher in soils under BP regardless of 
residue retention practices (Table 4.5). 
 
At Digram for the wheat crop, the tillage effect on N mineralisation varied with residue retention 
level in the Grey Terrace soil (p < 0.05). The highest No value was under SPHR, followed by 
BPHR (37 % lower than SPHR) and then CTHR (52 % lower than SPHR) practices. Potentially 
mineralisable soil–N under SPHR was 85, 59, and 57 % higher than CTLR, SPLR and BPLR, 
respectively. The lowest No was found in soils under CTLR, but the decay rate of No was higher 
in soils under CT irrespective of residue retention practices while the lowest decay rate was found 
in soils under SP (Table 4.5). Conventional tillage with LR had the highest decay rate of No 
which was followed by BPLR. Strip planting with LR and BPLR had 40 and 31 % lower decay 
rate than CTLR, respectively. Strip planting with HR had the lowest decay rate of Nc while the 
second lowest decay rate was found in BPHR (Table 4.5). 
For jute the highest No in Grey Terrace soil was for SPHR (31.6 mg N g–1 N) followed by CTHR 
(26.2 mg N g–1 N) while BPHR had the lowest No. Strip planting with HR had 29 and 21 % 
higher No than CTHR and BPHR, respectively (p<0.05) while the lowest No was found in soil 
under BPLR, followed by CTLR and SPLR, respectively. On the other hand, CTLR practices had 
the highest decay rate of No with values being 1.2 and 1.5 times higher than SPLR and BPLR 
(Table 4.5). The decay rates of resistant N pool day–1 in jute growing conditions was highest in 
soils under BP with HR (p<0.05; Table 4.5), followed by SPHR and CTHR, respectively (p > 
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0.05), but decay rate in BPHR was significantly higher than the decay rate in BPLR, SPLR and 
CTLR, respectively (p < 0.05). 
 
4.4 Discussion 
4.4.1 N stocks   
Strip planting with increased residue retention sequestered more total N in soil (0-10 cm) under 
two cropping systems, by slowing the decomposition of residues but despite this, the total N 
uptake by crops of the rice–based cropping systems was the same or increased (Table 4.5 and 
Figure 4.1, 4.2 and 4.3). The changes in TN and decomposition can be attributed to the effects of 
both the minimum soil disturbance including the non–puddled rice establishment practice, and the 
increased residue retention in the rice–based triple cropping CA systems (Haque et al., 2016 and 
Alam et al., 2016b). Tillage effects on the concentrations of TN in soil followed a similar pattern 
in both rice–dominated (Alipur) and rice–based (Digram) cropping systems (p < 0.05). In our 
study, the TN in soil (0-10 cm) was greater under SP by 27 % at Alipur and by 26 % at Digram 
than under CT after 12–14 crops. This difference can be attributed to the lower degree of soil 
disturbance which facilitates accumulation of N in organic and inorganic forms (N in soil organic 
matter, in newly added crop residues and in freshly added litterfall) by regulating their 
decomposition and loss processes (Islam, 2016, Xue et al., 2015 and Kader et al., 2016). Islam 
(2016), Dikgwatlhe (2014) and Xue et al. (2015) attributed TN enrichment in soil to slower 
decomposition of residue retained or anchored between rows due to limited contact between soil 
microorganisms and the minimally–disturbed surface soil.  
The greater amount of residue return in soils under HR also increased TN in soils by recycling 
greater amounts of organic N (p<0.05) to the soil. Almost half of the rice residues, litter–fall and 
all of the non-rice residues were retained directly on the soil under the HR practice which 
contributes an extra 40 kg ha–1 and   60 kg ha–1 of N input per year under HR in rice– dominant 
(Alipur) and rice–based systems (Digram), respectively (Table 4.3). Notwithstanding the decrease 
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in fertiliser N applied with HR (see Table 4.3), the increased amounts of recycled N under HR 
explain most of the greater N accumulation in soils as also found after 7 crops in the present 
experiments (Islam 2016). In contrast, single–crop CA cropping systems followed in dry–land 
agriculture produced lower amounts of residues annually and retention was slower to boost TN in 
soil (Guo et al., 2015). Islam et al. (2016) found N stocks increased in both legume– and cereal–
dominated systems at 0–7.5 cm depth after three years (7 crops) of residue retention at increased 
levels. With LR in our study, the annual accumulation rates of N at Alipur and Digram were 16.7 
and 10.4 kg ha–1, respectively, while with HR, they were 35 and 30 kg N ha–1 yr–1 at Alipur and 
Digram, respectively. Islam (2016) found that during the initial year of the study, the N 
accumulation rate was 3.6 times higher with HR compared to LR at Alipur. The higher N 
accumulation rate with HR found by Islam (2016) than that in our study can be attributed to the 
short–term versus medium–term effects of CA (Ghimire et al., 2017; Alam et al., 2016a; Yadav et 
al., 2017) 
The higher soil N contents associated with SP compared with CT were directly related to the 
decreased soil disturbance and the decreased contact between residue and the soil surface. Many 
researchers found that TN sequestration usually occurs more rapidly when crop stubble at an 
increased rate or non–harvested crop residues (stems, leaves, and roots) are placed at the soil 
surface under NT/ZT/SP practices compared to removal of residues (Islam, 2016; Sainju et al., 
2007 and Havlin et al., 1990). The SPLR and SPHR treatments also outperformed the BPLR and 
BPHR treatments in increasing total N in soils. In the present study, the permanent, shallow 
raised beds were reshaped two or three times in a year. This process not only disturbed the soils 
but also incorporated nearly 30–40 % of the residues left on the surface, thereby enhancing the 
mineralization and loss of SOC and N compared to the SP/NP treatment in which residues 
remained on the soil surface (Sapkota et al., 2017).  
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4.4.2 N mineralisation  
With SP and BP, initially N mineralization rate were suppressed relative to CT, but by crop 
harvest higher cumulative N mineralization occurred under wheat and jute crops and similar 
amounts under rice and mustard. During the first 15–60 days of growth of all crops, CTLR had 
consistently higher mineralization rate than other practices. Conventional tillage with HR at 15 
DAS of mustard had 6–24 % higher N mineralized, 18–49 % higher at 30 DAS and 14–67 % 
higher at 45 DAS than other treatments. On the other hand, for the rice crop, CTHR maintained 
higher N mineralisation up until 75 days (p<0.05): for wheat and jute, CTHR maintained higher 
N mineralisation up to 60 DAS (p<0.05). At harvest, on the other hand, SPHR and BPHR had the 
highest cumulative N mineralization (p > 0.05). Repeated disturbance of soils with CT and 
incorporation of crop residues along with basal application of chemical fertilisers, strong 
oxidative conditions, higher temperature and higher microbial activity probably account for 
higher N mineralization during the early stages of growth in CT (Raiesi, 2006; Wright and 
Reddy, 2001; Busari et al., 2015). The slowing down of N mineralization rate over time under 
CTHR suggests that the readily mineralisable pool of N is depleted after the initial stage of crops 
or possibly that there were greater N losses under CTHR (Alam et al., 2016a and 2018). By 
contrast, it is likely that the previous crop residues retained on the surface of soil slowed initial N 
mineralization in SP/BP. As the residues were on the surface soil or standing under SP/BP, they 
had less contact with soil microorganisms and the basal N fertilizer dose was evidently not 
sufficient to accelerate the N mineralization of these large masses of N-poor crop residues.  
The variations in soil temperature (Figure 3.3) and moisture (data not presented) recorded in soils 
at both the sites under SP, BP and CT with LR and HR also probably affected N mineralization in 
soils. Mean soil temperatures were different for all treatments during the two seasons of cropping, 
with CTLR being the highest and BPHR had the lowest (Alam et al. 2018). Evan after crop 7 in 
these long term experiments, Islam (2017) recorded the similar increases in soil temperature with 
CT. More N is released when tillage coincides with periods of high soil temperature and/or 
 126 
 
moderate soil moisture (Pekrun et al., 2003; Islam, 2017). Compared with CT, SP and BP with 
HR created cooler soil, resulting in slower mineralization and the release of plant nutrients from 
SOM (Doran and Parkin, 1994). Nicolardot et al. (1994) measured temperature effects on the 
movement of labeled C and N through microbial biomass; maximum mineralization rates 
occurred between 20–28 °C and at soil moisture near field capacity (Stanford and Epstein, 1974). 
The increasing temperature at the end of winter season under SP and BP with HR also could 
result in enhanced N mineralisation found in our study.  In summary, the differences in 
cumulative N mineralisation in soils among tillage and residue retention practices can be 
attributed to differences in soil N levels, decomposition rates of soil organic N, recyclable N 
content in residues and the temperature and water content in soil. 
 
Increased residue retention which is advocated for CA practice increased mineralization rate 
under all crops at both sites and cropping system (p<0.05) after 12–14 crops. Islam (2017), after 7 
crops, also found similar results for mineral N levels, in a legume dominated–rice based cropping 
systems with a positive N balance. This suggests that over time between crop 7 and crops 13–14, 
the accumulation of soil organic N stocks have also increased the net N mineralised during crop 
growth. The increased cumulative N mineralization in soils under SPHR and BPHR can also be 
attributed to improved soil N status, and to the availability of substrate N through slow 
decomposition of previous crop residue in wheat and jute fields throughout the season and from 
fresh litter fall from jute plants (Buresh et al., 2008). On average, at Alipur, the annual recycled N 
was 23.1, 36.6 and 22.9 kg higher with CTHR, SPHR and BPHR than CTLR, SPLR and BPLR, 
respectively, while, at Digram, the recycled N were 19.6, 18.4 and 16.9 kg higher than CTLR, 
SPLR and BPLR, respectively. Had the N fertilizer been applied at an equal rate with LR and HR 
(Table 4.2), the cumulative N mineralisation would have been even higher with HR. The daily N 
availability rates in HR over the growing seasons of mustard and rice were 1.43 and 1.32 kg ha–1, 
respectively, which were 20 and 21 % higher than the rates with LR. The daily rates in HR in 
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wheat and rice were 1.31 and 1.38 kg ha–1, respectively, which were 34 and 42 % higher than the 
rate found in LR. Bot and Benites (2005) and Raiesi (2006) also showed the amount of previous 
residue retained on soils and their recycled nutrients affects N mineralisation rates of soil.  
Residue composition varied among species and this too had a major influence on the rate of 
decomposition and subsequently on soil N turnover (Raiesi, 1998; Raiesi, 2006). Mustard 
residues have 11 % higher cellulose and 15 % higher lignin than wheat residues, while rice 
residues have 71 % higher cellulose and 177 % lower lignin than jute residues (Alam et al., 
2018). Mustard and jute leaf litter had higher N content (C:N ratios 47 and 38, respectively; Alam 
et al., 2018) and N recycled compared to wheat and rice residues (Table 4.3). The higher N 
recycled by mustard residue might contribute to higher N mineralisation in soils under irrigated 
rice (by 5.4 %; Figure 4.2) and higher uptake by the subsequent crop (5.8 %; Figure 4.3).  
Increased residues along with minimum soil disturbance after 4–5 years practice increased N 
uptake by crops. The highest uptake at harvest was recorded with SPHR for all crops at both the 
sites which were followed by BPHR and CTHR. The increased N accumulated in soils and 
increased cumulative mineralisation after 13–14 crops at Alipur and 12–13 crops at Digram under 
SP with HR are the main factors supplying more N for crop uptake (Chen et al., 2014a). Chen et 
al. (2014a) reported that generally crops absorb approximately 70–80 % of their N during the 
vegetative growth but without enough available N in soil during the soil vegetative growth stage, 
the yield will be reduced. Conversely, if excessive N is available during the stage greater N losses 
are a risk. While CT increased mineralisation up to 60–75 DAS, subsequent uptake and 
mineralisation rate was slower in CT than SP. It is possible that more N loss occurred under CT. 
For example, uptake by jute at CTHR was very low in relation to the amount of N mineralised. 
The uptake of N by jute grown under CTHR was 5 %, 14 %, 18 %, 10 % and 9 % lower than 
NPHR at 15, 40, 55, 70 and 95DAS, respectively.  
In our study, after 12–14 crops at Alipur and Digram, total N uptake was significantly higher with 
HR. In particular, HR with SP, in the long–term, appears to improve extractable N and soil N 
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stocks and increase N uptake. Similarly N uptake by a range of crops was significantly increased 
in crop–residue retention treatments under reduced or NT/ZT by other studies (Doran and Smith, 
1987; Rosenani et al., 2003) including prior lentil and wheat crops at the same study sites (Islam 
et al., 2016). In addition to the increased soil N stock under HR with SP, the increased crop N 
uptake can be attributed to improved soil water storage in the dry season which may enhance soil 
N availability (Islam, 2017; Sapkota et al., 2017). However, there is some evidence that as 
previous residue rate increased, uptake of indigenous soil N, but not fertilizer N, was increased 
(Maskina et al., 1993). Indeed, in the present study, the amount of N fertiliser was decreased in 
HR plots, by the amount equivalent to the extra N added in residue.  Hence despite no additional 
total N input and decreased fertiliser N, overall N uptake was enhanced by HR.  This suggests 
greater N use efficiency under SP and the possibility of decreased N fertiliser rates for crops 
under long term CA practice. This needs further evaluation in the present crop rotations in 
Bangladesh.  
Timsina et al. (2006) found the negative N balances and reduced N cycling were reversed with 
residue retention in monsoon rice–wheat–maize and monsoon rice–wheat–mungbean cropping 
systems after 3–4 years under subtropical conditions. Islam et al. (2016) also found that residue 
retention turned negative N balances into positive balances under a lentil–mung bean– monsoon 
rice rotation. By contrast, Boateng and Dennis (2000) showed that application of residue had no 
significant effect on N uptake by crops, while surface application of residue reduced N uptake 
and crop yield by N immobilisation (Soon and Lupwayi 2012). It is likely that after successive 
12–14 crops, as in the present study, the N immobilisation processes are suppressed due to the 
larger stock of soil organic carbon (Alam et al., 2018) and soil N (present study). Indeed the 
combined results of present study on N mineralisation and N uptake suggest that the synchrony 
between N demand by the crops and N release under SP and HR was improved by slowing the 
initial mineralisation rates (0–30 DAS) when crop demand is low (Figures 4.4–4.6) and 
increasing N mineralisation later when crop demand is greater. Improved synchrony between 
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crop demand and soil N supply leads to more efficient recovery of residue N by N uptake (Becker 
et al., 1994). With the increased residue retention, the recoveries of N with SPHR, BPHR and 
CTHR in the present study were 16, 14 and 14 kg ha–1 greater relative to SPLR, BPLR and 
CTLR, respectively, for mustard which were equivalent to 111, 100 and 95 % of the residue N 
input by the previous monsoon rice (Table 4.3). The recoveries of N with SPHR, BPHR and 
CTHR were equivalent to 155, 104 and 144 % of the residue N input by the previous mustard 
crop for irrigated rice, respectively. The recoveries of N with SPHR, BPHR and CTHR for wheat 
were equivalent to 147, 96 and 95 % of the residue N input by previous monsoon rice and 215, 
164 and 118 % of the residue N input by previous wheat residue for jute at Digram. Among crops 
there were clearly differences in the contribution of previous residue to crop N uptake relative to 
fertiliser N. Jute relied more on fertiliser N after wheat than mustard after monsoon rice. This 
reflects in part the N demand of the crop and the N input from the previous crops residue.  
However, clearly long term retention of increased crop straw together with minimum soil 
disturbance compared to current farmers’ practice increases N uptake by the crops after 12–14 
crops at both the sites.  
4.4.3 Cycling of N fractions under tillage and crop residue retention practices 
Strip planted soils had higher potentially mineralisable N (PMN) values than CT irrespective of 
the level of residue retained in soils. Together with the lower decay rates of PMN, the present 
results suggest that minimum soil disturbance in SP practices has altered N cycling by reducing 
the level of mineral N available to plants in the early growing season while increasing total N 
uptake. While the decay rate of PMN under CTHR was higher, the PMN level was lower as was 
N uptake compared to SP and BP with HR. This suggests that more available N is lost in CTHR 
or CTLR. Further research into losses via processes such as denitrification (Alam et al., 2016b, 
2018), nitrate leaching, ammonia volatilisation or surface runoff are needed to clarify the 
underlying mechanisms for the present results (Palma et al., 1998; McGarry et al., 1987; Kader et 
al., 2016). Some other studies conducted with two tillage practices (CT and NT) found higher N 
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loss through NO3–N leaching under CT due to increased N mineralization (Angle et al., 1993; 
Randall and Iragavarapu, 1995). Further research is needed in the cropping systems in the EGP to 
determine the relative rates and pathways of N loss in CT versus SP. 
 
 
 
Figure 4.4 Effect of crop establishment and residue retention practices on nitrogen uptake as a % 
of N available (the uptake of N by crops at different stages were calculated as percentage of total 
mineralised N) over the growing season for mustard and rice at Alipur and wheat and jute at 
Digram. [Legends: BP ‒ bed planting, CT ‒ conventional tillage, and SP ‒ strip planting; HR ‒ 
increased residue retention and LR ‒ farmers’ practice. The sites studied had Calcareous Brown 
Flood Plain soil (Aeric Eutrochrept) at Alipur and Calcareous Dark Grey Floodplain soil (Aeric 
Eutrochrept) at Digram. 
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Figure 4.5 Effect of residue level (low (LR)– farmers’ practice; increased (HR)) on daily N 
uptake rate by all crops up to 90 days after sowing or transplanting  (DAS) grown at both sites 
(Alipur and Digram). Values are means of four replicates, averaged across soil disturbance 
treatments. 
 
 
 
Figure 4.6 Effect of crop establishment practices (strip planting (SP), bed planting (BP) and 
conventional tillage (CT)) on daily N uptake rate by all crops up to 90 days after sowing or 
transplanting (DAS) grown at both sites (Alipur and Digram). Values are means of four replicates 
averaged across two residue levels. 
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Nitrogen cycling also appeared to change under BP relative to CT. While the lowest PMN in soil 
was found in BP with residue retention, the decay rate (Nc) of resistant pool of N was higher. The 
higher decay rate of PMN could be a result of frequently periodic wetting and drying of soils 
under raised bed planting of crops including wetland rice (Table 4.5). The influence of the 
periodic wetting and drying of soils over the rice growing season on N pools decay rate under BP 
resulted in a higher decay rate than even the excessive disturbance of soils under CT. As a result, 
denitrification, nitrate leaching and ammonia volatilisation and eventually N2O emission 
pathways may result in greater N loss under BP and CT (Cameron et al., 2013).  
Nitrogen management under continuous long term CA may need different rates and timing of N 
fertiliser application than the conventional system. Over time, with increased residue retention the 
fertilizer N requirement for growing crops should decrease by 4 kg ha-1 (in irrigated rice) to 34 kg 
kg ha-1 (in monsoon rice), equivalent to the extra N input in residue. In addition, better synchrony 
between N supplies from mineralisation and N fertiliser application with crop N uptake rates may 
result in lower losses of N which further decrease the amounts of fertiliser N required. However, 
the sufficiency of N during early crop growth (0–30 DAS) needs to be confirmed since initial 
mineralisation was lower under SPHR than CTLR. During the first three years after imposition of 
SPHR to a wheat–mung bean– monsoon rice rotation at Mymensingh there was no difference in 
fertiliser N requirement for maximum yield compared to CTLR (Kader et al., 2016). Based on the 
present studies, the N fertiliser requirement over time is likely to decline in the SPHR treatment. 
The present study has assessed N mineralisation during the growth of four crops in different 
seasons on two soil types. However, a gap in the present study is the lack of data on the fallow 
periods between crops. Loss of mineral N may occur during the fallow period before sowing the 
next crop in the rice intensive triple cropping systems (Rosenani et al., 2003). The transition from 
oxic to anoxic soil conditions between the early and main monsoon seasons is a period of high 
risk of denitrification losses of nitrate N (Buresh and De Datta 1990; Buresh and De Datta 1991; 
Fadali et al., 2014). 
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4.5 Conclusions 
Increased residue retention with minimum soil disturbance practices (SP and NP) after 13 crops 
at Digram (High Barind Tract, Grey Terrace soils) and 14 consecutive crops at Alipur (Level 
Barind Tract, Calcareous Dark Grey Floodplain soil) increased soil N concentration (0–10 cm) 
and slowed the initial mineralization of N but either maintained or increased total N uptake by 
crops. Conventional tillage with HR produced higher early mineralization rate than SPHR and 
BPHR treated soils under mustard and rice crops and as high as SPHR and BPHR soils under 
wheat and jute. Bed planting with increased residue retention also slowed N mineralisation during 
early crop growth rate and maintained similar N uptake to SP and CT but the soil N concentration 
was lower than SPHR. While PMN was higher and its decay rate was lowest with SPHR crop, N 
uptake was either similar or enhanced. We conclude that in the rice based wetland–upland triple 
cropping systems in the EGP, increased retention of crop residues and minimum soil disturbance 
(i.e. CA) sequester more soil N (0-10 cm) while improving the efficiency of mineralised N uptake 
due to better synchrony between availability of soil N and crop demand. 
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Chapter 5 Greenhouse Gas Implications of Novel and Conventional Rice Production 
Technologies in the Eastern–Gangetic Plains  
 
Abstract 
Wetland rice (Oryza sativa L.) production contributes 55 % of agricultural greenhouse gas 
(GHG) emissions in the world. Hence any new technology with the potential to reduce the GHG 
emissions of wetland rice could make a significant contribution to total global warming 
mitigation by agriculture. We applied a streamlined life cycle assessment to the effect of a novel 
non-puddled transplanting of rice and of increased crop residue retention on GHG emissions from 
rice fields in the Eastern Gangetic Plains. We compared them with the conventional puddling of 
soils and current residue retention for transplanting. The GHG emissions from one tonne of 
irrigated rice production (the rice which is generally cultivated in February-May keeping the land 
ponding mostly depending on external irrigation) for the following four cropping practices were 
studied: a) conventional puddled transplanting with low residue retention (CTLR); b) 
conventional puddled transplanting with high residue retention (CTHR); c) non-puddled 
transplanting following strip tillage with low residue retention (NPLR) and; d) non-puddled 
transplanting with high residue retention (NPHR). The emissions recorded on–farm and 
emissions related to pre–farm activities were converted to CO2–eq using Global Warming 
Potential (GWP) values of GHGs for 20-, 100- and 500-year time horizons. The GHG emissions 
of 1 tonne of rice varied from 1.11 to 1.57 tonne CO2–eq in the 100-year horizon. For all four 
treatments, soil methane (CH4) was the predominant GHG emitted (comprising 60–67 % of the 
total) followed by emission from on–farm machinery use. The NPLR was the most effective 
GHG mitigation option (it avoided 29 %, 16 % and 6 % of the total GHG emissions in 
comparison with CTHR, CTLR and NPHR, respectively) in wetland rice production. The novel 
minimum tillage establishment approach for rice involving strip tillage followed by NP has 
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potential to increase global warming mitigation of wetland rice in the Eastern Gangetic Plains, 
but further research is needed to assess the role of increased residue retention. 
 
Key words: Barind area, global warming mitigation potential, labour requirement, life cycle 
assessment, puddling, rice based cropping systems, non-puddled transplanting 
 
5.1 Introduction 
Wetland rice (Oryza sativa L.) production is a major contributor to the worldwide budget of 
GHGs from agriculture (IPCC, 2013). Many of the factors controlling gas exchange between rice 
paddies and the atmosphere are different from those in upland agriculture because rice fields are 
flooded during most of their cultivation period (Saito et al., 2005; Miyata et al., 2000). Novel 
establishment technologies are being developed for rice mostly to cope with the decreased 
availability of labour and water (Islam et al., 2010 and 2013). A novel solution to these 
constraints for rice production is non-puddled transplanting (NP), a technique of transplanting 
rice seedlings after minimal soil disturbance in contrast to the conventional practice that puddles 
soil following several wet tillage operations (Malik et al., 2009). Beside reduced labour and fuel 
costs and improved timeliness in crop establishment, initial research suggests that NP reduces 
water requirements for rice establishment. However, it remains unclear how NP of rice 
cultivation alters CO2, CH4 and N2O emissions and overall global warming potential (GWP). 
 
As a major contributor to global food supply, the rice–wheat cropping system in the Indo–
Gangetic Plains (IGP) of South Asia area currently covers about 13.5 Mha of land in Pakistan, 
Nepal, India, and Bangladesh (Gupta and Seth, 2007). Emission of GHG from rice fields is very 
sensitive to crop establishment techniques and management practices (Wassmann et al., 2004). 
The conventional puddled transplanted rice (CT) is a major source of GHG emission, particularly 
methane (Pathak et al., 2011). Puddling is done to facilitate transplanting of seedlings, suppress 
weeds and to reduce water loss by percolation. The saturated soil condition lowers soil oxygen 
content and also soil redox potential, which increases the activity of methanogens (Sharma and 
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DeDatta, 1985) that determine production of CH4 in the soil. Other soil microbial processes 
controlling denitrification are regulated largely by oxygen status in the soil, which in turn is 
dependent on soil water content (Nishimura et al., 2004). No–tillage reduced CH4 emissions 
because rice straw was retained on the soil surface and the soils under those conditions were more 
oxidised than those of CT (Ito et al., 1995). Dry direct–seeded rice (DSR) decreased CH4 
emission as DSR fields were not continuously submerged with water (Ko and Kang, 2000; 
Pathak et al., 2013). Corton et al. (2000) and Pathak et al. (2013) predicted that the GWP can be 
reduced by 16 to 33 % if the entire area of the Indo–Gangetic Plains under CT was converted to 
DSR in a rice–based cropping system.  
The net effect of direct seeding on GHG emissions also depends on N2O emissions, which 
increase under aerobic conditions. For example, N2O emissions were 1.5 times greater in SRI 
(System of Rice Intensification) studies due to the increased soil aeration (Peng et al., 2011; Hou 
et al., 2012). Wassmann et al. (2004) found that measures to reduce CH4 emissions often lead to 
increases in N2O emissions, and this trade–off between CH4 and N2O is a major hurdle in 
reducing GWP of wetland rice. Ideal strategies would reduce emissions of both CH4 and N2O 
simultaneously. The recent development of NP of rice together with residue retention using bed 
planting, or strip tillage, as a form of conservation agriculture (CA) for rice establishment (Malik 
et al., 2009), need to be assessed in terms of relative effects on emissions of CH4 and N2O and on 
GWP mitigation. 
 
Life cycle assessment (LCA) is an approach to quantify the carbon footprint of a production 
process, and to identify hotspots and steps in the process where greatest climate change 
mitigation can be achieved. Although there are difficulties in applying LCA in agriculture, 
progress has been made with incorporation of on–farm emission of grain production into pre–
farm and post–farm value chains of products so that a complete carbon footprint of agricultural 
processes from production to consumption can be calculated (Blengini and Busto, 2009; 
Meisterling et al., 2009).  
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Equivalent CO2 emissions per unit of conventional wetland puddled rice production have been 
measured previously (Hayashi and Itsubo, 2005; Koga et al., 2006; Masuda, 2006). The activities 
that drive the emission factors include fertilizer production and distribution, agricultural chemical 
production and distribution, machinery manufacturing and use and irrigation application (AIJ, 
2003). Kasmaprapruet et al. (2009) have reported that during the life–cycle of rice, most (95 %) 
GWP is contributed by the cultivation, followed by harvesting (2 %) and seeding and milling 
processes (2 %). In Italy, LCA has shown that the environmental benefits per tonne are greatly 
reduced in the case of upland rice production, due to low rice grain yields (Blengini and Busto, 
2009). Farag et al. (2013) in their LCA study showed that CH4 emission from the flooded rice 
fields was the main source of GHG emissions, contributing about 53 %, while N fertilization 
added about 10 % and mechanical activities about 1 % of the total emissions. On the other hand, 
in most arable agriculture, as shown by Woods et al. (2008), N2O is the dominant GHG, being 
responsible for 80 % of wheat GHG emissions. Eshun et al. (2013) in a LCA revealed that N2O 
contributed the highest proportion (about 70 %) of GWP for paddy rice production, followed by 
CO2. The LCA conducted by Yoshikawa et al. (2010) found that the differences in emission are 
mainly due to field CH4 in rice production. Harada et al. (2007) compared conventional puddling 
with no–tillage rice through a LCA study including pre-farm and on-farm stages where no-till 
rice had 43 % lower cumulative CH4 emission and the potential to save 1.78 tonne CO2 ha
−1 
relative to puddled rice.  
 
Incorporation of CA in the rice–based triple cropping system in the Eastern Gangetic Plains 
remains challenge. The recently developed NP of rice, which involves minimum tillage planting, 
is suitable for CA and has performed well in yield (Haque et al., 2014), financial returns, soil 
quality (Sharma et al., 2008) and fuel consumption (2 to 3 times lower) (Islam et al., 2013), but 
has not been examined for its effects on GWP. Moreover, the effects of residue retention level 
under NP of rice also need to be assessed. A LCA analysis of the new NP rice production 
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technology can estimate its potential contribution to GWP (Haas et al., 2001; Schmidt, 2008; 
Blengini and Busto, 2009; Meisterling et al., 2009). The present study was carried out to: 
1. assess the GHG emissions for conventional puddling and NP with different levels of crop 
residue retention; 
2. determine the hotspots contributing significantly to the GHG emissions within the system 
boundaries by a LCA study, and  
3. identify the causes for the predominant GHG emissions during the pre– and on–farm 
stages of rice production. 
 
5.2 Materials and methods 
 
5.2.1 Study site and experimental design 
 
The effects of changing from conventional soil puddling to NP along with two levels of residue 
retention was investigated in Northwest Bangladesh at Alipur village, Durgapur upazilla, 
Rajshahi division in an Agro–ecological Zone known as the Level Barind Tract (LBT). This 
region has a distinct physiography of terraced lands at about 8 m above sea level. The region is 
characterized by low annual rainfall (1370 ± 323mm) with uneven rainfall distribution and wide 
variation from year to year and high temperature range (maximum 42.9oC in June 2014 and 
minimum 6.2oC in January, 2014). The texture class of the experimental soil was silt loam (44 % 
sand, 34 % silt and 22 % clay) and the bulk density ranged from 1.38 g cm–3 in strip tillage with 
high residue retention to 1.49 g cm–3 in conventional tillage with low residue retention. The clay 
minerals of the soils are mostly mica, kaolinite, interstratified mica–vermiculite–smectite and 
kaolinite–smectite (Moslehuddin et al., 2009). The soil was slightly acidic and classed as 
Calcareous Brown Flood Plain and Calcareous Dark Grey Floodplain soils (Aeric Eutrochrept). 
The field site was moderately drainable as it was located above the flood level (FRG, 2005). 
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The field study in 2014 examined two tillage practices (CT and NP) and two residue retention 
levels (high residue retention–HR and low residue retention–LR) from four replicates of the 
treatments in an experiment established in 2010 (Islam et al., 2013). The experimental design, 
followed for the previous 11 crops (three crops per year since 2010), used a split-plot layout 
where tillage practices were assigned to the main plots and residue retention levels to the 
subplots. Low residue approximates current farmer practice for this region which involves 
keeping about 20 % of the standing rice crop residue in the field during harvesting of crops. High 
residue retained 50 % of standing rice residue after harvesting. For the previous lentil, mungbean 
and mustard crops in the rotation, LR involved complete removal while HR returned all crop 
residues to the plot. The cropping sequence followed for the first three years in the field was lentil 
(Lens culinaris L.) –mungbean (Vigna mungo L.) – rain–fed monsoon rice. In 2013–14, the 
monsoon rice was followed by mustard (Brassica campestris L.) and then irrigated dry season 
rice. Additional chemical inputs were recorded, and were typical of local farming practices. Soil 
GHG emissions (CO2, N2O and CH4) were measured repeatedly at 1–week intervals from each 
plot throughout the study period using a closed chamber system. During application of split N 
fertilizer doses and during drying and re–wetting of the field, the measurement was more frequent 
(once in two- or three- day interval). 
 
5.2.1 Close Chamber method 
Transparent chambers (30 cm length × 30 cm width × 60 cm height) were made with 3 mm thick 
acrylic sheets for microbial respiration (Rm) measurement in the field (Hutchinson 
and Livingston, 1993). Each chamber was covered by dark sheet during Rm measurement. Every 
sampling event was replicated three times. Immediately after transplanting of rice, selected 
seedlings were removed so that an aluminium chamber base of 31 cm  length × 31 cm width × 7 
cm height), complete with a 1 cm × 2.5 cm (width × deep) water groove on the inner side, could 
be placed on the bare space. The base of the chamber was inserted to 7 cm depth in the soil and 
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the groove was filled with water to make the system air–tight when the measurement was done. 
Samples were collected within 10:00–16:00 on every sampling day. For the initial gas sample, a 
silicon tube was attached to the top of the chamber, and a 50 ml gas–tight polypropylene syringe 
was used at 0 minute after setting up of chamber to extract the gas. The second sampling was 
done after a further one hour. When an higher amount of gas was required, a 400 ml Tedlar bag 
was filled up through a silicon tube connected to the syringe. 
 
For CH4 and N2O measurements in the fields, transparent gas chambers of 60 cm length × 30 cm 
width × 100 cm height made by 5 mm thick acrylic sheets were placed over four plants. To allow 
pressure adjustments in the chamber during gas sampling, a plastic light weight bag was fixed 
inside. A digital electronic thermometer was attached inside the chamber within a silicon cork. 
Samples were collected within 10:00–16:00 on every sampling day but timing of sampling days 
varied according to need and life cycle assessment. Samples were collected in a 50 ml 
polypropylene syringe at 0 and 60 minutes after sealing the chamber. For sampling of N2O, a 
longer time interval was, sometimes, used before collecting the second sampling. The syringe 
was made air–tight with a three–way stopcock and gas was transferred into a 35 ml bottle and 
when required transferred into a 400 ml Tedlar bag through a silicon tube attached to the top of 
the chamber. The gas samples were analysed using gas chromatography for CO2, CH4 and N2O 
with a CO2 detector, hydrogen flame ionized detector and combined gas analyzer, respectively 
(Naser, 2005). 
 
5.2.3 Gas flux calculations 
Gas flux was calculated using the following equation (Yagi et al., 1991): 
F = V/A × ∆c/∆t × 273/T × ρ––––––(1) 
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F is the gas flux (mg m–2 h–1), V (m3) and A (m2) are volume and bottom area of the chamber, 
respectively; ∆c/∆t (10−6 m3 m−3 h−1) is the gas concentration change in the chamber during a 
given period;  
T is the absolute temperature (K); ρ is the density of gas at the standard condition (CO2 =1.96 kg 
m-3, CH4 = 0.716 kg m
-3 and N2O = 1.97 kg m
-3); and 
With the assumption that GHG emissions follow a linear trend during the interval when gas 
sampling was not done, total gas fluxes for the rice growing season were calculated by the 
successive linear interpolation of average gas emissions on the sampling days: 
n–1 
Cumulative gas emission = ∑(Ri× Di)–––––––(2) 
i=1 
Where, Ri is the mean gas flux (mg m
–2 d–1) of the two sampling times; Di is the number of days 
in the sampling interval, and n is the number of sampling times. 
 
5.2.4 Streamlined LCA assessment of GHG emissions from field paddy production  
 
The streamlined LCA approach was adopted; LCA analysis only considered cradle–to–farm gate 
GHG emissions (Todd and Curran, 1999; Denham et al., 2016). In addition, this research 
considered GHG emissions only for estimating GWP, which is categorized as a limited impact, 
focused LCA analysis (Finkbeiner et al., 2011; Barton et al., 2014). This streamlined LCA 
followed the four steps of ISO 14040–44 to estimate the GHG emissions, including goal, scope, 
life cycle inventory, impact assessment and interpretation. The interpretation was reported in the 
results and discussions section. 
 
5.2.4.1 Goal and scope 
 
Greenhouse gas emissions from rice production were calculated for the following farming 
practices: 
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I. Conventional puddled transplanting with low residue retention (CTLR) 
II. Conventional puddled transplanting with high residue retention (CTHR) 
III. Non-puddled transplanting with low residue retention (NPLR) 
IV. Non-puddled transplanting with high residue retention (NPHR) 
The goal was accomplished with a functional unit which is the production of one tonne of paddy 
rice grain. The system boundary consists of pre–farm and on–farm life cycle stages. The input 
and output data of these life cycle stages for producing one tonne of rice are then quantified to 
form life cycle inventories for CT and NP with LR and HR retention. The GHG emissions from 
pre–farm stage involve the multiplication of the amount of inputs with their corresponding 
emission factors to determine the GHG emissions associated with the production and 
transportation of these inputs to a paddy field. On–farm GHG emissions are outputs resulting 
from farm machinery operation and chemical applications. The GHG emissions from pre–farm 
and on–farm stages are added to determine the amount of GHG emissions associated with the 
production of one tonne of rice (Figure 5.1). The inclusion of soil–carbon sequestration 
associated with rice production in this carbon accounting is beyond the scope of the paper. 
 
 
Figure 5.1 System boundaries and input–output relationship adopted in the work 
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Table 5.1 Life cycle inventory of pre–farm and on–farm inputs and outputs for one tonne of rice 
production in the Eastern Gangetic Plain   
Inputs (units) Establishment treatments 
 CTLRa CTHRb NPLRc NPHRd 
Pre–farm     
a) Seeds and chemicals (kg tonne-1 of rice 
production) 
    
1. Seeds 7.15 6.8 7.28 6.74 
2. Nitrogen 19.4 18.4 19.9 18.3 
3. Phosphorus 8.35 7.92 8.5 7.86 
4. Potassium 12.8 12.1 13.0 12.1 
5. Sulfur 1.70 1.61 1.73 1.60 
6. Zinc 0.48 0.46 0.49 0.45 
7. Boron 0.50 0.38 0.41 0.38 
8. Fungicides 0.25 0.24 0.26 0.24 
9. Herbicides 0.29 0.27 0.29 0.27 
10. Insecticides 0.45 0.42 0.45 0.42 
b) Transport (km for road + t–nm for sea)1 
1. Urea 62.8 59.6 63.9 59.2 
2. Triple superphosphate 83.1+544 78.9+516 84.6+554 78.3+512 
3. Muriate of potash 83.1+380 78.9+360 84.6+387 78.3+358 
4. Gypsum 83.1+380 78.9+360 84.6+387 78.3+358 
5. Zinc 83.1+380 78.9+360 84.6+387 78.3+358 
6. Boric acid 83.1+265 78.9+252 84.6+270 78.3+250 
7. Insecticides 66.3 62.9 67.5 62.4 
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8. Fungicides 81.9 77.7 83.3 77.1 
9. Herbicides 83.1+173 78.9+164 84.6+176 78.3+163 
c) Farm machinery (US$ tonne-1 of rice production) 
1. Power Tiller/Versatile Multi–crop 
Planter 
0.10 0.10 0.05 0.05 
2. Harvester 0.06 0.05 0.06 0.05 
3. Irrigation pump 1.85 1.76 1.89 1.75 
d) Farm machinery transport (km for road + t–nm for sea) 
1. Harvester 83.1+265 78.9+252 84.6+270 78.3+250 
2. Power tiller 83.1+265 78.9+252 – – 
3. VMP – – 84.6+270 78.3+250 
4. Irrigation pump 83.1+265 78.9+252 84.6+270 78.3+250 
On–farm (litre tonne-1 of rice production) 
1. Power tiller/Versatile Multi–crop 
Planter 
2.39 2.33 0.99 0.98 
2. Irrigation pump 1.53 1.45 1.55 1.44 
3. Harvester 65.5 66.7 62.2 61.7 
Rice yield (tonne/ha) 6.29 6.63 6.18 6.68 
1t–nm=tonne–nautical mile; apuddled transplanting with low residue retention (CTLR); bpuddled 
transplanting with high residue retention (CTHR); cnon-puddled transplanting with low residue 
retention (NPLR) and dnon-puddled transplanting with high residue retention (NPHR) 
5.2.4.2 Life cycle inventory 
Life Cycle Inventory that consists of inputs (e.g., fertilizers, machinery, fungicides, insecticides, 
herbicides) and outputs (CO2, CH4 and N2O) of pre–farm and on–farm stages (Table 5.1) of rice 
production is a pre–requisite to estimate total life cycle GHG emissions.  
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5.2.4.2.1 Pre–farm emissions 
Pre–farm GHG emissions include the emissions associated with all activities for producing farm 
inputs, including chemicals, energy and machinery and the emissions from the transportation of 
inputs to the paddy field. 
 
5.2.4.2.1.1 Chemicals–The GHG emissions from the production of chemicals were calculated so 
that the emission factors reflect the situation in Northwest Bangladesh. However, in the absence 
of the local emission factors of inputs applied to Bangladesh agriculture, a mix of generic and 
local data were utilized to develop emission factors for calculating the GHG emissions from the 
production and transportation of inputs. The generic value of embodied energy consumption that 
is associated with energy consumption in all stages of the production of an input was sourced 
from recognized literature (RMIT, 2007; DEFRA, 2008; Bosch and Kuenen, 2009; Brander et al., 
2011), which was multiplied by the local emission factor for energy production (ADB, 1994; 
GoB, 2011; Brander et al., 2011).  
 
In some cases, the data for calculating emission factors of chemicals, e.g. insecticides 
MalathionTM (malathion: 0,0 dimethyl phosphorodithioate of diethyl mercaptosuccinate), 
SumithionTM (fenitrothion), fungicides AmistarTM (azoxystrobin) and TiltTM (propiconazole) and 
herbicide RefitTM (pretilachlor), were unavailable in the existing literature and so, a local database 
was assembled by contacting the local manufacturers directly. The commercial databases of the 
products were also checked to quantify the energy used for the production of a unit. The 
information on energy consumption was obtained from Syngenta Bangladesh, Shetu Corporation 
Bangladesh, and Bangladesh fertilizer companies (Quader, 2003; BBS, 2013) (Karnaphuli 
Fertilizer Company/Ghorasal Fertilizer Company/Fenchugonj Natural Gas Fertilizer 
Company/Chittagong Urea Fertilizer Company/Jamuna Fertilizer Company/Polash Urea 
Fertilizer company) for determining the GHG emission factors of urea, superphosphate and 
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pesticide production. Considering CO2, CH4 and N2O emissions along with transportation and 
distribution losses for the generation of electricity for all types of mixes of fuel (gas/oil/coal), the 
emission factor used for the study is 0.64 kg CO2–eq/kWh (Brander et al., 2011). 
 
In the case of inputs imported to Bangladesh, the GHG emissions from their manufacture 
overseas and their transportation to paddy fields were calculated. Bangladesh imports urea, 
gypsum, muriate of potash (MoP) fertilizers from Belarus, triple superphosphate (TSP) from 
Morocco and Zn and B from China (Bangladesh Business News, 2013; BBS, 2013). Since no 
literature provided the emission factors of these fertilizers, generic values of energy consumption 
of urea, TSP, MoP, S, Zn and B fertilizers production were multiplied with the emission factors 
of energy production of the source countries of the fertilizers. The energy consumption for unit 
mass of fertilizer component production was collected from European and Asian (China) 
literature (Brentrup and Pallière, 2008, DEFRA, 2008; Zwiers et al., 2009; Bosch and Kuenen, 
2009) and then they were multiplied by the emission factors of energy production of Belarus, 
Morocco, Tunisia, and China, which were sourced from IFA (2009) and IEA (2007 and 2012). 
5.2.4.2.1.2 Farm machinery–The GHG emissions from the manufacture of farm machinery were 
estimated using the USA input/output database (Suh, 2004), based on the monetary value of the 
machinery, with allowances for exchange rates and inflation (Biswas et al., 2008; Barton et al., 
2014). The USA input/output database contains environmental emission data for the manufacture 
of US$1 equivalent farm machinery. The present value of farm machinery in BDT was converted 
to the price of 1998 at a deflation rate of 6.64 % per year which, eventually, was converted to 
1998 US$ with a 0.022 multiplier (WB, 2014; XE.com, 2014). After determining the machinery 
cost in line with 1998 US$ for one tonne of rice production, it was multiplied by the GHG 
emission factor of machinery manufacturing (0.15 kg CO2–eq/US$).  
 
 147 
 
5.2.4.2.1.3 Transport–The GHGs from the transport of inputs to the rice field were calculated 
according to the LCA database (INFRAS, 2010; Kitzes, 2013; HBEFA, 2014; World Resource 
Institute and WBCSD, 2013). A variety of transport modes including shipping, and trucks (3–7 
tonnes) were used to transport inputs from factory gate to the farm and were recorded in tonne–
kilometres. When inputs were transported by sea on an ocean–going freighter, a sole sea passage 
from the port nearest to the manufacturer and to the user were calculated following Biswas et al. 
(2008) and Barton et al. (2014).  
5.2.4.2.2 On–farm emissions 
On–farm data comprised emissions from farm machinery operations, including cultivation, 
irrigation and harvesting, and from soil emissions.  
 
5.2.4.2.2.1 Farm machinery–Fuel consumed by farm machinery per hectare was recorded during 
farming operations in the field experiment. The GHG emissions during the farm machinery 
operations were calculated by applying the emission factor of fuel for light machinery use 
(RMIT, 2007; INFRAS, 2010; HBEFA, 2014). Machinery usage was expressed as the amount of 
fuel in litres per hectare in terms of standard machinery for the region (L t–1). Fuel consumption 
was dependent on land area, machinery width and the number of times the machinery passed 
across the land.  
 
5.2.4.2.2.2 Soil –The direct emissions of CO2, CH4 and N2O from soil were quantified at the 
experimental site (as described above), but the indirect N2O emissions through ammonia 
volatilization and leaching were ignored due to soil properties which made these losses unlikely 
to be significant (IPCC, 2006). Nitrogen use efficiency was expected to be high due to well-
controlled continuous flooding of soil to minimize N loss through leaching and volatilization 
(Bandyopadhyay et al., 2009). Previous measurements of soil strength at this site (Islam, 2017) 
indicate the presence of a plough-pan that would prolong urea residence time in soil resulting in 
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restricted N leaching to deeper soil layers (Patil and Das, 2013). Little of the fertilizer-derived 
NH4
+-N would be oxidized biologically to NO3-N under the prevailing anaerobic soil conditions 
which would lower the risk of NO3-N leaching and N2O  production due to denitrification (Savant 
and de Datta, 1982). These rice soils also contain clay minerals such as illite or vermiculite 
(Moslehuddin et al., 2009) which immobilise NH4
+-N through fixation (Allison et al., 1953) 
leading to low rates of NH3 volatilisation. 
 
5.2.4.3 Impact assessment 
Impact values of global warming are expressed over 20-, 100- and 500-year time horizons to 
enable policy makers to make relevant climate change decisions. Accordingly, individual 
greenhouse gas (CO2, CH4 and N2O) emissions from each production stage were converted to 
CO2–eq using established conversion factors for 20-, 100- and 500-year time horizons (IPCC, 
2013). But we only discuss 100 year horizon as it is considered as the reference for climate 
change policy (UN-FCC, 1992 and Fearnside, 2002). Greenhouse gas emissions (as CO2–eq) 
were then calculated on a per tonne of rice basis. The seasonal CO2–eq per hectare (kg CO2–eq 
ha–1 season–1) was calculated by summing CO2–eq across the season. Total GHG emissions per 
tonne of rice (kg CO2–eq per tonne rice) were calculated for the single rice season (from late 
February to June). Excel spreadsheet was used to multiply LCI inputs with the corresponding 
emission factors to determine the overall global warming intensity (Engelbrecht et al. 2015).  
 
5.2.5 Statistical analysis 
The effects of NP and residue retention on CO2–eq emission for the two stages within the rice 
production system boundary were assessed using a two–factor analysis of variance. All data were 
statistically analyzed with SPSS (Statistical Package for the Social Sciences) software package 
version 21 (SPSS Inc., Chicago, IL, USA). Means were compared by using least significant 
difference (LSD) at p< 0.05. The statistical analyses of CO2–eq emission per tonne of rice 
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production only for on–farm CO2, CH4 and N2O emissions were conducted since the use of inputs 
(i.e. energy, chemicals, and machinery) did not vary among treatments. 
 
5.3 Results and discussion 
 
 
 
Figure 5.2 (2a-pre-farm and 2b-on-farm emissions; 2c-total emissions showing contributions 
from different sources). Life cycle greenhouse gas emissions produced per season for one tonne 
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of rice production as influenced by crop establishment techniques and residue retention (p<0.05). 
Standard error (SE; ±) values for on-farm emissions are 58.2, 32.0 and 16.3 and for total 
emissions are 57.7, 62.8 and 13.1 over 20-, 100- and 500-year time horizons, respectively. Bars 
containing the same letter above them are not significantly different at p<0.05. Comparisons are 
made among emissions converted to CO2–eq according to GWPs of CO2, CH4 and N2O over 20-, 
100- and 500-year time horizons. [Legend: CT–Conventional puddled transplanting of rice; UT–
Non-puddled transplanting of rice; LR–Low residue retention level; HR–Increased residue 
retention level] 
 
5.3.1. Implications of minimum tillage and increased residue retention for streamlined life 
cycle GHG emissions during wetland rice production  
 
The GHG emissions of rice production were influenced (p<0.05) by crop establishment and 
residue management techniques (Figure 5.2). Among the techniques, the total GHG emissions 
from 1 tonne of rice production followed the ascending order: CTHR<NPHR<CTLR<NPLR. 
Overall, NP (NPLR and NPHR) offers greater GHG saving in the 100-year time horizon (29 %, 
24 % over CTHR and 18 %, 16 % over CTLR) relative to the conventional puddling method. 
More specifically, NPLR had the highest reduction potential for on–farm emissions due to 
emission of least CH4. Although the yield in NPHR was higher than that in NPLR, the latter 
performed better in terms of total GHG emissions per tonne of rice mainly because the CH4 
emissions (25 times more warming potential in 100-year time horizon than CO2) from the high 
residue retention outweighed the benefits associated with the increased yield.  
The lowest emissions by NPLR can be attributed to less disturbance of soil and the presence of a 
thin oxidised layer at the soil–water interface which may ensure the ongoing flow of oxygen to 
the soil (Ponnamperuma, 1972). This may favour the activity of CH4 oxidizing bacteria which 
would diminish soil CH4 emissions (le Mer and Roger, 2001). Anaerobic conditions develop 
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within saturated rice soils within hours of flooding (Adhya et al., 2000; Bodelier, 2003) favouring 
the growth of methanogens that produce CH4 as a by–product of their respiration. The application 
of carbon sources like straw that stimulate methanogen survival and the low redox potential are 
both driving factors for CH4 emission (Wang et al., 2000; Yao et al., 1999).  
The NPLR and NPHR were statistically similar in terms of on–farm emissions of GHGs (Figure 
5.2). The pre–farm emission in NPHR was around equal to the emissions of CTHR, 8.3 % lower 
than NPLR and 5.5% lower than CTLR due to higher productivity and increased input efficiency. 
Overall, the pre–farm emissions were significantly lower than on–farm emissions for CTLR, 
CTHR, NPLR and NPHR (9.4 %, 7.5 %, 11.4 %, and 9.9 % in the 100 years horizon of on–farm 
emissions). The production of pesticide and fertilizer alone contributed 8 %, 6 %, 6 % and 6 % to 
the total of CO2eq GHG emissions for the 100 years horizon during the pre–farm stage for NPLR, 
NPHR, CTLR and CTHR, respectively. 
 
5.3.2 GHG emissions from pre–farm and on–farm stages 
5.3.2.1 Pre–farm stage: The pre–farm stage in the current study produced significantly lower 
emissions compared to studies conducted in other climates. Differences were also observed 
among pre-farm emissions of different treatments (p>0.05). The lower pre-farm emissions in this 
study are due to the lower overall level of inputs (fertilisers, fungicides, insecticides, etc.) used in 
comparison with yields obtained, to the use of natural gas as a feed–stock for urea production and 
electricity generation and to light vehicles that are used for transporting inputs to paddy fields in 
the region of study.  
The results of current research in the case of pre-farm emissions are lower than other similar 
studies of Thanawong et al. (2014; lower by 0.3 tonne CO2eq to 0.6 tonne CO2eq tonne
-1 rice), 
Xu et al. (2013: 0.53 tonne CO2eq lower in Jiangsu to 0.73 tonne CO2eq tonne
-1 rice lower in 
Guangdong), Wang et al., (2010; around 20 % less to the total GWP per tonne of rice) and 
Blengini and Busto, (2009; around 0.16 tonne CO2–eq tonne
-1 rice lower in 100-year time 
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horizon) as these used carbon intensive inputs and had low yields (i.e. low yields higher per tonne 
base emissions). (Pathak and Aggarwal, 2012) found that farm operations and off-farm practices 
such as production of fertilizers and biocides contributed 394 kg CO2-C ha
-1 and 187 kg CO2-C 
ha-1 in the upper-IGP and lower-IGP, respectively but they did not report the emissions 
responsible to only pre-farm emissions. Wang et al. (2010) found that rice crops with yields of 
8.8 Mt ha−1 accounted for higher emissions than rice yielding 9.3 Mt ha-1 due to more than double 
the inputs in the former case (Brodt et al. 2014). Fusi et al. (2014) also found 30–40 % of the total 
GHGs came from pre–farm inputs manufacturing (mainly fertiliser production), transport and rate 
of input use per tonne of harvest. The present study also contradicted the results of Blengini and 
Busto (2009) who found around 35 % of gross energy (GER) and almost 40 % of NRER (Non-
Renewable Energy Requirement) required for white milled rice production were contributed by 
pre–farm inputs which consequently contributed to high emissions. By contrast with the wetland 
rice cropping systems, Barton et al. (2014) studied upland cropping systems in a semi–arid 
environment and found that the contribution of pre–farm processes could vary between 28 (0.1 
tonne CO2eq t
-1 grain in lupin–wheat rotation without lime per year) and 55 % (0.35 tonne CO2eq 
tonne-1 grain in wheat–wheat rotation with lime application per year) of total GHG emissions 
depending on the application of lime. In the same semi–arid climate, Biswas et al. (2008) found 
that pre–farm stages accounted for 58 % (0.1 tonne CO2eq tonne
-1) of the total emission for wheat 
production. While soil emissions of CH4 and N2O were relatively low under upland rice or 
dryland wheat cropping, with flooded rice production, the high CH4 emission results in a higher 
percentage of on–farm emissions. Finally, the emissions during the pre–farm stage are mostly 
CO2 emissions by contrast with CH4 and N2O that have much greater GWP, and are 
predominantly emitted during the on–farm stage.  
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5.3.2.2 On–farm stage: The contribution of on–farm processes varied between 89 and 93 % (in 
the 100 years horizon) of total GHG emissions during wetland rice production. The on–farm 
GHG emissions from CTLR and CTHR were 91 and 93 % of the total emissions while the 
percentages were 89 and 90 % (100-year horizon) in the case of NPLR and NPHR, respectively. 
The CTHR contributed the highest on–farm emissions resulting from lower productivity and 
higher methane emissions. Among the main factors affecting emissions from agriculture are 
cultivation practices adopted (Lal, 2004), input use (Cheng et al., 2011) and soil fertility status 
(Duby and Lal, 2009; Gupta et al., 2009). The fuel consumption for irrigation and land 
preparation and harvesting (0.6–0.9 %) alone accounted for 14 to 19 % of the total emissions of 
the on–farm emissions. This is supported by the study conducted by Islam et al. (2013) and Khan 
et al. (2009) who found that irrigation is the major share of energy inputs for rice production. In 
addition, Thanawong et al. (2014) also found that irrigated rice produced higher on–farm 
emissions than rain-fed rice growing as the emissions of CH4 of the former were almost double 
those of rain-fed rice. Other studies also confirmed that water and N management, organic matter 
(OM) application and crop establishment practices regulate GHG emission (Yagi et al., 1996; 
Nishimura et al., 2004). All these factors (e.g. water, high N application, tillage practices and 
crop residues) are integral to wetland rice production but they are favourable for GHG emissions. 
In addition, these practices also influenced CH4 and N2O emissions through the changes of soil 
properties (e.g., soil porosity, soil temperature and soil moisture, etc.) (Al–Kaisi and Yin, 2005; 
Yao et al., 1999; Yao et al., 2009). Bockari–Gevao et al. (2005) reported that the operational 
energy consumed by tillage on average was 1.75 GJ ha–1 (48.6 % of the total operation energy) 
which was the highest contributor among the operational requirements but NP increases energy 
productivity by up to 12 % (Islam et al., 2013). The use of NP also saved ~ 67 % fuel 
consumption due to fewer passes per unit area by machinery and thereby less distance travelled 
for seedling establishment (Islam et al., 2012) leading to less emissions under NP. In the 
following section, we identify the hotspots for GHG emissions. 
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5.3.3 Identifying hotspots contributing to significant GHG emissions 
The CH4 emissions from paddy fields accounted for the major portion (60–67 % in the 100-year 
time horizon) of GHG emissions in all treatments/practices, followed by farm machinery use (13–
16 %), CO2 emissions from soil (9–10 %), production of inputs (6–9 %) and transport of inputs 
(2–3 %) (Figure 5.2). Contributions to GHG emissions from CH4 in the 100-years horizon ranged 
from 60 % for NPLR practice to 67 % for CTHR practice.  
 
The IPCC (2007a) substantiated that the cultivation of irrigated rice is responsible for up to 12 % 
of anthropogenic methane (almost half of total agricultural CH4 emission) efflux. The results of 
the current study differ from many other grain crop LCA studies in terms of hotspots. Nemecek et 
al. (2008) conducted LCA on upland crop (oilseed rape –wheat –spring peas –winter wheat –
winter barley) rotations and found N2O was the key contributor of GHG emissions (CO2–eq). 
Indeed, N2O has been found to be the dominant GHG in most LCA studies of arable agriculture 
(Woods et al., 2008; Eshun et al., 2013; Brock et al., 2012) because aerobic conditions with 
intermittent waterlogging stimulate the emission of N2O (Flessa and Beese, 1995), whereas CH4 
emission in aerobic soils can even be negative due to microbial CH4 oxidation (Barton et al., 
2013, 2014). 
Interestingly, the hotspots in the current research were the same as those in pasture production 
(beef, milk etc. by ruminants) which also resulted in the highest enteric CH4 emission (63 % for 
beef production in Beauchemin et al., 2010; 49 % for milk production in Casey and Holden, 
2005; 50 % in beef production in Vergé et al., 2008; 83–90 % in sheep meat and wool production 
in Biswas et al., 2010). However, the processes generating CH4 emissions are different in these 
two cases: belching of CH4 emissions from ruminants for the pasture industries and anaerobic 
decomposition of organic residues in wetland rice production. 
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The hotspot results of the current study were similar to the LCA conducted by Harada et al. 
(2007) and Pathak et al. (2005) who also found that CH4 was the highest contributor of GHG 
emission (around 60 %) for rice production. Again, Fumoto et al. (2008), Hokazono and Hayashi 
(2012) and Hatcho et al. (2012) who evaluated wetland rice cultivation in Japan, and Drocourt et 
al. (2012) who evaluated rice cultivation in France, identified CH4 emissions as the key 
contributor to GWP. Fusi et al. (2014) also found CH4 emissions from the soil, due to the 
anaerobic decomposition of organic matter, was by far the main emission source for wetland rice 
cultivation (40 %). Whilst these studies found CH4 as the dominant source of GHG emissions, 
their contributions were still lower than the values in the current analysis (i.e. 76 %, 0.67 tonne 
CO2eq tonne
-1 of rice production for NPLR, 0.76 tonne CO2–eq tonne
-1 of rice production for 
NPHR). Also Drocourt et al. (2012) explained that the retention of high residue levels in addition 
to anaerobic decomposition caused high CH4 emission from rice fields. The present study, 
therefore, confirms that CH4 emissions resulting from anaerobic decomposition of organic matter 
in non-puddled flooded fields is the dominant emission source regardless of residue levels. 
 
The farm machinery use accounted for the second largest contribution (13–16 % of total) 
followed by the emissions of carbon dioxide (9–10 % of total) from soil during the on–farm 
stage. Blengini and Busto (2009) in their LCA of rice production in Italy also identified on–farm 
methane emissions, farm machinery use and emissions due to fertilizer applications as the main 
hotspots, in that order of priority. The soil N2O emissions comprised only 2–3 % of total 
emissions for different treatments in the present study (Figure 5.2). 
 
5.3.4 Overall GHG emissions 
 
Total pre–farm and on–farm emissions from production of 1 tonne of rice in the Eastern Gangetic 
Plain were 1.11, 1.19, 1.33 and 1.57 tonne CO2eq for NPLR, NPHR, CTLR and CTHR, 
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respectively, in the 100-year time horizon. Our results for conventional puddling are similar to 
studies conducted by Hokazono et al. (2009) as the GHG emissions in Japan from pre–farm and 
on–farm stages were 1.51, 1.34 and 1.62 tonne CO2eq tonne
–1 of rice production for the 
conventional, sustainable and organic farming systems, respectively. Farag et al. (2013) revealed 
that GHG emission for rice within the same system boundary (i.e. up to farm gate) was 1.9 t 
CO2eq tonne
–1. In addition, Ryu et al. (2013) estimated the carbon footprint under puddled 
production of rice was 2.21 t CO2eq tonne
–1 up to the harvest (farm–gate) periphery. Therefore, 
the GHG emission values of 1.33–1.57 tonne CO2eq tonne
–1 of puddled transplanted rice in the 
current study were closely similar to values reported for rice produced in other locations under 
different climatic conditions. 
 
5.3.5 Predominant GHG emissions from field 
Given that CH4 was the dominant GHG emission further analysis is needed on the reasons for 
these emission values and potential for further decreases (Figure 5.3). Long–term increase in 
residue incorporation in the field under study might increase CH4 emission (Kanno et al., 1997) 
and the prolonged reducing conditions with two rice crops in the previous 9 months may have 
increased generation of CH4 (Ponnamperuma, 1972; Takai and Kamura, 1966; Yu and Chen, 
2004). The on–farm CH4 emission can be reduced by ensuring minimum soil disturbance, and by 
judicious water and crop residue management. For example, mid–season drainage of soils for a 
short period with residue retained might favour CO2 emissions rather than CH4 (Yagi and Miami, 
1990). The decreased soil disturbance may maintain higher redox potential under NP that limits 
emissions of CH4. The redox potential values varied among tillage and residue retention practices 
with range of Eh values from –200 to –250mV for CTLR and CTHR and –150 to –200 mV for 
NPLR and NPHR (Appendix 6.2). If so, modification of the strip tillage may be designed to 
achieve even less soil disturbance. However, research would be needed to ascertain how to avoid 
stimulating N2O emission from the present 2–3.5 % of the total direct on–farm GHG emitted for 
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rice production in the Eastern Gangetic Plains. Comparatively small increases in emissions of 
N2O can contribute substantially to GHG emissions. Xing (1998) found that rice fields were a key 
source of N2O emission, accounting for 22 % of the total emission from cropland in China (Xing, 
1998). On the other hand, work on the LCA of rice by Nishimura et al. (2004), Wassmann and 
Dobermann (2006) and Six et al. (2004b) were similar to our results as they found  that the rice 
fields contribute 2–8 % of the total amount of direct on–farm emissions. The rate of N2O 
emission from wetland rice field was small in the study of Minami and Fukushi (1984). The 
present study found 0.2 (NPLR) to 0.4 % (CTHR) of the applied N fertilizer was emitted as N2O. 
This value is lower than the default value (1 %) of N2O loss from mineral N applied as fertilizer 
used by the IPCC (2006). Most of the produced N2O might be reduced to di-nitrogen (N2) in 
wetland rice (anaerobic) condition (Nishimura et al., 2004). 
Soil carbon sequestration may become important in the NP cropping systems over time due to 
decreased soil disturbance (strip tillage) especially with increased residue retention. It may take 
several more years before the changes in soil organic carbon reach equilibrium with the reduced 
soil disturbance in NP and the increased residue retention. Studies on soil organic carbon are 
underway at the present site where tillage and residue treatments have been practiced for more 
than 4 years. 
The other crops in the cropping system now under study are mustard (Brassica campestris L.) 
which is usually grown in cool–dry season (from mid-October to middle March) and transplanted 
aman rice which is grown in the monsoon season (from early July to middle October and 
characterised with high rainfall and humidity). Life cycle assessment studies are also required on 
these crops in order to complete a temporal and spatial assessment of the life cycle greenhouse 
gas mitigation potential in the intensive rice-based cropping systems of the Eastern Gangetic 
plain.  
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Figure 5.3 Effect of rice establishment techniques and residue retention on on–farm emission of 
greenhouse gases (CO2 equivalent; p<0.05). Bars with the same letter above them are not 
significantly different at p<0.05. Comparisons are made among emissions converted to CO2–eq 
according to GWPs of CO2, CH4 and N2O over 20-, 100- and 500-year time horizons. SE (±) for 
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CO2 emission is 4.7. SE (±) values for CH4 emissions are 124.6, 43.5 and 13.5 and for N2O 
emissions are 0.3, 0.2 and 0.2 over 20-, 100- and 500-year time horizons, respectively. [Legend: 
CT–Conventional puddled transplanting of rice; NP–Non-puddled transplanting of rice; LR–Low 
residue retention level; HR–Increased residue retention level].  
 
5.4 Conclusions 
The present study estimated GHG emission mitigation potential associated with the application of 
the recently developed NP of rice and with increased residue retention in the Eastern Gangetic 
Plains. The conventional puddled transplanting with high residue retention (CTHR) emitted (1.6 
tonne  CO2–eq) about 1.4 (on the basis of 100-year time horizon) times more GHG emissions for 
one tonne of rice production than the best mitigation option which was strip tillage followed by 
non-puddled transplanting with LR (NPLR). Applying NPLR in the wetland rice system of the 
Eastern Gangetic plain can reduce GHG emissions to 1.1 tonne CO2eq tonne
–1 rice production in 
the 100-year time horizon. 
 
The on–farm stage contributed the highest portion (e.g. 89– 93 % in 100 years) of the total GHG 
emissions due mostly to high GHGs emission and to farm machinery use. Regardless of tillage or 
residue retention, CH4 was the predominant GHG emitted from the production of 1 tonne of rice 
in the Eastern Gangetic Plains due to anaerobic soil conditions for rice production.  
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Chapter 6 Increases in Soil Sequestered Carbon under Conservation Agriculture 
Cropping Decrease the Estimated Greenhouse Gas Emissions of Wetland Rice using 
Life Cycle Assessment  
 
Abstract  
Wetland rain-fed rice (Oryza sativa L.), which covers 60 million hectares in South Asia, 
contributes significantly to agricultural greenhouse gas (GHG) emissions. A Life Cycle 
Assessment (LCA) tool was selected to estimate GHG emissions in a monsoon rice field after 
accounting for soil carbon (C) sequestration in rice-based intensive cropping systems of Northern 
Bangladesh. The aim was to determine whether novel conservation agriculture practices (CA) 
with their C sequestration potential could produce significant climate change mitigation by rice–
based cropping. A non-puddled, minimum disturbance method of monsoon rice (the rice which is 
generally cultivated in June to October depending mostly on monsoon rain for water) 
establishment with low and increased residue retention practices was contrasted with the current 
crop establishment in puddled soils with minimal residue retention.  
The rice transplanted in non-puddled soil with residues retained at a low rate (NPLR) decreased 
CO2eq emissions by 31 % for the actual life cycle GHG emissions in comparison with 
transplanting on conventional puddled soil and minimal residue retained soil (CTLR). By 
contrast, NP with increased residue retention (HR) retarded production and emission of the actual 
LCA GHG emissions by 16 % in comparison with CTLR. Regardless of crop establishment and 
residue retention practices, CH4 was the most prevalent GHG emission comprising 63 to 67 % of 
the total life cycle GHGs, followed by 17–20 % from CO2 emissions from the field. The life cycle 
GHG emissions for each functional unit of rice that included soil carbon sequestration ranged 
from 1.04 to 1.18 tonne CO2eq for NP with LR and HR, respectively. By not including soil C 
sequestration in the carbon footprint equation, the life cycle GHG estimates were over-estimated 
by 9 to 26 %. When soil C sequestration estimated by subtracting C losses from net primary 
 161 
 
production (NPP) are accounted for in the LCA GHG, the largest decrease in LCA GHG by 20 % 
was recorded in NPHR but LCA GHG increased by 12 % in CTLR. Overall, the NPLR and 
NPHR were the most effective GHG mitigation options in wetland monsoon rice production but 
NPHR offered yield benefit and its higher CH4 emission was offset by the extra soil organic 
carbon sequestration.  
 
Key words: Barind area, global warming potential (GWP) mitigation, labour requirement, non-
puddled transplanting, puddling, rice-based cropping systems.  
 
6.1 Introduction 
The IPCC (2013) estimated that wetland rice (Oryza sativa L.) production contributes more than 
half of the world’s agricultural greenhouse gas (GHG) emissions, which are equivalent to 15 % of 
the total enhanced global warming (Watson et al., 1995). Intensive rice production under irrigated 
(boro) and rain-fed (aman season) conditions will greatly influence aggregate on-farm GHG 
emissions (Tilman et al., 2002) across South Asia. Irrigated and monsoon rice cultivations vary in 
consumption of energy, grain yields and emissions of GHGs. The input use for monsoon rice 
cultivation is also lower than the irrigated rice (Lal et al., 2017). Alam et al. (2016b) conducted 
LCA studies for rice production in the EGP for the irrigated boro season. Irrigation application 
contributed 15 to 25 % of the total on-farm GHGs of the boro rice crop. By contrast, being 
mainly rain-fed, monsoon rice production in the EGP can save energy and fuel consumption from 
irrigation (Lal, 2015).  
Although rice yield in the monsoon season is lower relative to yield in the irrigated/pre-monsoon 
season (Amin et al., 2015), the monsoon rice is a major contributor to food security in South Asia 
and accounts for more than half of annual production in Bangladesh.  However, it remains 
unclear how LCA GHGs of rice production differ in monsoon rice production relative to rice 
growing in other seasons and how it differs with novel crop establishment practices compared to 
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the conventional approach. Conservation agriculture (CA) cropping could be a prospective 
strategy for mitigating climate change in rice-based systems of the EGP. However, the GWP of 
the CA rain-fed monsoon rice crop has not been well quantified using a LCA methodology.   
Emerging rice establishment and production technologies such as no-tillage (NT) and direct 
seeding of rice (DSR) under dry/wet conditions are becoming more common in South Asia. The 
DSR decreased CH4 emission but increased N2O emissions relative to the traditional rice 
production: in addition, it may decrease yields, and increase crop duration in the field from 
sowing to maturity which may limit the timely sowing of other crops in the rotation (Ishibashi et 
al., 2007; Kumar and Ladha, 2011). In addition, the DSR incurs relatively more soil C loss due to 
frequent wetting and drying of soil (Kumar and Ladha, 2011). No–tillage reduced CH4 emissions 
in contrast with the conventional puddled transplanted rice (Ito et al., 1995) but some research 
reported that NT decreased rice yield (Pittelkow et al., 2015).  
Any strategies which would reduce both CH4 and N2O emissions from wetland rice fields by 
keeping redox potential within an intermediate range (Hou et al., 2012) can contribute 
significantly to mitigation of GWP by agriculture (Alam et al., 2016b). Non-puddling of rice is an 
emerging form of CA that has outperformed conventional transplanting into puddled soil in 
system productivity, profitability, soil health improvement and fuel consumption (Haque et al., 
2016; Salahin, 2017; Islam, 2017). Non-puddling of rice also reduces labour and water 
requirements for rice establishment (Alam et al., 2016b; Islam, 2017). However, rice crop 
establishment practices and residue return at an increased rate have in some cases increased 
emissions of agricultural GHGs (CH4 and N2O), while in other cases they diminished emissions 
of the major GHGs (Naser, 2005; Zou et al., 2005; Yan et al., 2005), so further clarification is 
needed on the effect of CA practices on GHG emissions from rainfed rice in the EGP.  
 
The measurement of LCA GHGs of wetland rice production has been done by several researchers 
(Hayashi and Itsubo, 2005; Koga et al., 2006; Masuda, 2006). According to those studies, the 
driving factors for LCA GHGs are provision of irrigation, production and delivery of inputs like 
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N-containing fertilizers, chemicals related to crop protection, usage and manufacture of 
machinery (AIJ, 2003). Again, according to Adhya et al. (2000), Gathorne-Hardy (2013) and Yan 
et al. (2005), the net CH4 emission from paddy fields is determined by a wide range of factors, 
mainly irrigation patterns and the quantity of organic material in the soil. Kasmaprapruet et al. 
(2009) reported that during the life–cycle of rice, cultivation accounted for 95 % of GWP, while 
harvesting and seeding and milling processes contributed 2 % each of GWP. In a LCA study with 
system boundary up to farm-gate, Harada et al. (2007) recorded CH4 emission decreased by 43 % 
and total emission diminished by 1.78 tonne CO2eq ha
-1 with no-tillage rice relative to puddled 
rice. On the other hand, Eshun et al. (2013) and Woods et al. (2008) reported N2O accounted for 
the major share of GHG emissions for upland rice (70 %) and wheat production (80 %), 
respectively. The N2O emissions from flooded rice are significantly lower than from upland crops 
(Linquist et al., 2012). However, nitrification takes place in the oxidised rhizosphere of rice roots 
and when coupled with denitrification processes in the reduced layer below the surface of flooded 
paddy soils result in losses of N2O (Patrick et al., 1985). The relative contributions of CH4 and 
CO2 between irrigated and rain-fed rice are also different. For the EGP where rainfed monsoon 
rice covers over 60 million hectares, LCA GHGs including pre-farm input related emissions, on-
farm emissions and soil sequestered SOC have not been estimated for the rice crop.   
 
Carbon sequestration transfers CO2 from atmosphere into organic matter storage in soil and 
prevents it from immediate re-emission. Soil C sequestration counterbalances fossil fuel emission 
of GHGs (Lal, 2004). Besides, soil C sequestration has co-benefits, namely productivity increase, 
improvement of water availability, restoration of degraded soil structure and enhancement of 
ecosystem sustainability. The practices of CA (minimum disturbance of soil, residue return of 
previous crops and growing crops in rotation,) may also sequester SOC over time. Therefore, the 
effects of the novel non-puddled rice establishment and related management practices on actual 
LCA GHG emissions from rice fields needed to be estimated, after accounting for both GHG 
emissions and on SOC.  
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Objectives of the study were to determine: 
1. Greenhouse gas emissions (CO2eq) of 1 tonne of paddy rice production for CA practices 
compared to conventional practices.  
2. What are the hotspots and processes from cradle to farm-gate boundary of rainfed wetland rice 
production most responsible for the GHG emissions?  
3. Soil C sequestration potential of the non-puddled CA cropping and its role in mitigating GHG 
emissions 
 
6.2 Materials and methods 
 
6.2.1 Study site and experimental design 
The details of the study site and experimental design can be found at Alam et al. (2016b). A 
summary of the study site and other details are given in Table 6.1.  
Table 6.1 Summary of the characteristics of the life cycle GHG study site 
Characteristics of study site Details 
Location Northwest Bangladesh at Alipur village, Durgapur upazilla, 
Rajshahi division 
Texture class Silt loam 
Soil type Calcareous Brown Flood Plain  
Subgroup (USDA) Aeric Eutrochrept 
Parent material types  Ganges river alluvium  
Location 
(Latitude and longitude) 
24° North latitude, 88° East longitude. 
Landform Narrow terraced strips on the gently undulating hill slopes.  
Altitude 8 m above sea level 
Rainfall 1047 to 1693 mm; lower than other parts of the country; 
concentrated on monsoon season (June to September)  
Dominant minerals  Mica–vermiculite–smectite (interstratified) and kaolinite–smectite 
(interstratified), Mica, Kaolinite (Moslehuddin et al., 2009) 
Drainage Moderate 
mm=millimetre;  m=metre; USDA= United States Department of Agriculture 
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The field study covered the period from the July 19, 2016 to October 15, 2016 and tested 
conventionally puddled (CT) and non-puddling rice establishment practices, both with high 
residue retention (HR) and low residue retention (LR). The experiment was established in 2010 
with four replicates of each practice in a split plot design (Islam, 2017). The low residue retention 
practices were based on farmers’ practice in the region where rice residue was retained at a low 
rate (20 % by height) while high residue retention involved retention of 50 % by height of 
standing rice residue. Residues of all the previous crops (lentil, mungbean and mustard) in the 
rotation were removed for the current farmers’ practice of minimal residue retention. On the other 
hand, HR involved return of all residues of the crops to the respective sub plots. Lentil (Lens 
culinaris L.), mungbean (Vigna mungo L.) and monsoon rice were grown on the field in a 
sequence for the first three years. Mustard, irrigated rice and monsoon rice were grown in a 
sequence in the following three years on the same field. Chemicals for crop nutrition and 
protection were characteristic of the practice followed in the locality and were recorded. 
Greenhouse gas emissions (CO2, CH4 and N2O) from soil were measured using chambers similar 
to the study of Naser (2005) and Alam et al. (2016b). The gas samplings from each subplot are 
repeated after every 7 days throughout the study period using a closed chamber system (Alam et 
al., 2016b). The measurement frequency for GHGs was increased to 2 or 3 days during 
application of split doses of N. 
 
6.2.2 Soil sampling method and soil C sequestration estimation 
The carbon sequestered in soils due to the continual application of the treatments above was also 
included in this carbon accounting. Soils at 0-30 cm depth from each treatment were collected in 
cores to determine bulk density and analysed for SOC content. In this study, C sequestration 
estimation only uses data from crop 15 to crop 18 to represent recent trends because the rate of 
SOC accumulation during the initial years of CA establishment and after three years may not be 
the same. Soil C accumulation was calculated from the increase in SOC after 15 crops. The total 
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organic carbon (TOC) content in soil was calculated from the organic carbon content (wet 
oxidation method) (Alam et al., 2016b), while the TOC stock was calculated according to Ellert 
and Bettany (1995). The details of C stock calculation can be found at Alam et al. (2018). The 
TOC was then divided by the number of crops to approximate the C accumulated over a single 
crop growing season. A comparative C balance was estimated by using C inputs and outputs. The 
C balance was calcualted by subtracting C loss through C gaseous emission (CO2 and CH4) and 
crop C harvest (grain consumption and residue removal) from net primary production (NPP) 
(Naser, 2005).  
C sequestration = NPP – (CO2 emission + CH4 emission + Grain C harvest + Straw C harvest + C 
in residue lost by decomposition) 
Where, NPP (Net Primary Production) includes C in residue retained from the previous irrigated 
rice crop and total biomass C of monsoon rice including roots.  
 
The field study to determine the amount of irrigated rice residue remaining after the monsoon 
season was conducted using the mesh litterbag technique (Bocock and Gilbert, 1957). Known 
quantities of rice residues (30 g) and rice roots (30 g) were put in sealed non-degradable mesh (1 
mm) bags that were placed on the soil surface. Bags were recovered after 88 days to determine 
the loss of mass assuming that all the mass lost from litterbags were mineralized (Curtin and 
Fraser, 2003; Curtin et al., 2008). Four randomly pre-selected hills of rice were sampled for root 
distribution at maximum vegetative stage. The roots were collected up to 50 cm depth. The 
samples for residue retention and removal were collected from three 1.5 m2 quadrats which were 
marked immediately after sowing. The collected samples were then oven dried at 65-70°C and 
weighed for biomass calculation per hectare.   
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6.2.3 GHGs measurement and gas flux calculations 
A detailed description of gas sample collection for measuring microbial respiration is reported in 
Alam et al. (2016b). The following variations were used for the present study. For measuring CH4 
and N2O, transparent chambers made with 5 mm thick acrylic sheets were replicated thrice with 
the dimension of 60 cm × 30 cm × 100 cm (length × width × height). The measurements of soil 
CO2 efflux representing the product of soil respiration were done with chamber of dimensions 30 
cm × 30 cm × 60 cm (length × width × height) made with 3 mm thick acrylic sheets (Hutchinson 
and Livingston, 1993).  
 
The calculation of gas flux over the season was done in line with Yagi et al. (1991). It was 
assumed that GHG emissions fluctuated linearly during the period between gas sampling times. 
Then, the total GHG fluxes over the rice growing season were summed up from the average gas 
emissions as done by Alam et al. (2016b) who interpolated average gas emissions on the 
sampling days sequentially. 
 
6.2.4 LCA GHG emissions during monsoon rice production  
The LCA conducted was a single impact, focused LCA used only for investigating the emissions 
that are responsible for global warming impact (Finkbeiner et al., 2011; Barton et al., 2014).  The 
streamlined LCA was applied to account for GHGs resulting from the stages of ‘cradle–to–farm 
gate’ of monsoon rice production (Todd and Curran, 1999; Engelbrecht et al., 2013; Denham et 
al., 2016; Alam et al., 2016b). According to ISO 14040-44 (2006), the four steps of the LCA 
approach that were considered for estimation of the GHG emissions are: setting of goal and 
definition of scope; preparation of life cycle inventory (LCI); life cycle impact assessment and; 
interpreting the results. The breakdown of GHG emissions in terms of inputs and outputs of the 
stages (i.e. cradle–farm gate) was analysed to identify hotspot(s) or the inputs/outputs causing the 
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most GHG emissions and then to propose strategies to mitigate greenhouse gas emissions from 
monsoon rice production. 
 
 
Figure 6.1 System boundaries and input–output relationship for monsoon rice production 
 
6.2.4.1 Goal setting and scope definition 
The emission of GHGs associated with the production of monsoon rice was calculated for four 
cropping practices: i) Transplanting of rice following puddling of soil with low residue retention 
(CTLR), or ii) transplanting on puddled soil with high residue retention (CTHR); iii) non-puddled 
transplanting with low residue retention (NPLR) or iv) with high residue retention (NPHR). The 
system boundary of the study was determined up to farm-gate (pre-farm and on-farm stages) of 
the production of monsoon rice (Figure 6.1). The functional unit of the LCA is one tonne of 
monsoon rice grain (paddy rice). A mass balance has been conducted to estimate the inputs and 
outputs per tonne production of monsoon rice grain during pre-farm and on-farm stages, which is 
also known as a life cycle inventory. The GHGs associated with the pre-farm activities were 
estimated by multiplying the emission factors (EF) with the amount of inputs required for their 
production and transportation to the field of the current study, while GHGs emanated by on-farm 
activities are outputs associated with operating farm machineries and applying chemicals. The 
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total GHG emission from the production of one tonne of monsoon was calculated by adding 
emissions from both the stages (pre- and on-farm).  
Table 6.2 Life Cycle Inventory of farm activities, inputs and outputs for the production of one 
tonne of rice on the Eastern Gangetic Plain in the monsoon season 
Inputs (units) Rice establishment treatments 
  CTLRa CTHRb NPLRc NPHRd 
Pre–farm  
a) Seeds and chemicals (kg tonne-1 of rice production)     
1. Seeds 9.88 9.45 9.3 8.53 
2. Nitrogen 42.86 40.88 40.29 36.93 
3. Phosphorus 24.18 23.06 22.73 20.83 
4. Potassium 29.67 28.3 27.89 25.57 
5. Sulfur 13.19 12.58 12.4 11.36 
6. Zinc 1.76 1.68 1.65 1.52 
7. Boron 0.55 0.52 0.52 0.47 
8. Fungicides 0.35 0.34 0.33 0.3 
9. Herbicides 0.4 0.38 0.37 0.34 
10. Insecticides 0.55 0.52 0.52 0.47 
b) Transport (km for road + t–nm for sea)1 
1. Urea 86.8 82.8 81.6 74.9 
2. Triple superphosphate 114.8+ 752 109.6+717 108.0+707 99.1+648 
3. Muriate of potash 114.8+ 525 109.6+500 108.0+494 99.1+453 
4. Gypsum 114.8+ 525 109.6+500 108.0+494 99.1+453 
5. Zinc 114.8+ 525 109.6+500 108.0+494 99.1+453 
6. Boric acid 114.8+ 366 109.6+350 108.0+345 99.1+316 
7. Insecticides 91.65429 87.42704 86.18802 78.94545 
8. Fungicides 27.28344 28.2171 33.95192 37.72218 
9. Herbicides 114.8+ 239 109.6+227 108.0+225 99.1+206 
c) Farm machinery (US$ tonne-1 of rice production) 
1. Power Tiller/Versatile Multi–crop 
Planter 
0.14 0.14 0.06 0.06 
2. Harvester 0.02 0.02 0.02 0.02 
d) Farm machinery transport (km for road + t–nm for sea) 
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1. Harvester 114.8+ 366 109.6+350 108.0+345 99.1+316 
2. Power tiller 114.8+ 366 109.6+350 −  −  
3. VMP  − −  108.0+345 99.1+316 
On–farm (litre tonne-1 of rice production) 
1. Power tiller/Versatile Multi–crop 
Planter 
3.3 3.2 1.3 1.2 
2. Harvester 21.8 24.2 25.4 30.2 
Rice yield (tonne ha-1) 4.55 4.77 4.84 5.28 
1t–nm=tonne–nautical mile; apuddled transplanting with low residue retention (CTLR); bpuddled 
transplanting with high residue retention (CTHR); cnon-puddled transplanting with low residue 
retention (NPLR) and dnon-puddled transplanting with high residue retention (NPHR) 
 
6.2.4.2 Life cycle inventory  
The factors related to the production of each tonne of rice (e.g., chemicals for crop nutrition and 
crop protection, machinery) were used to develop a complete LCI, which is a pre-requisite to 
estimate the emitted GHGs for the manufacturing, transport and use of inputs and outputs. Soil 
emissions (CO2, CH4 and N2O) are positive outputs and C-sequestration is a negative output of 
pre– and on–farm stages (Table 6.2) of monsoon rice production.  
6.2.4.2.1 Inputs and outputs  
For the rainfed rice cultivation under both the novel non-puddled and conventional puddled 
transplanting system, the insecticides, fungicides and herbicides used were tabulated (Table 
6.2). The fertilizers applied for crop production are also listed in Table 6.2. Regarding the 
fertilizers, urea, TSP, MoP, gypsum, zinc sulphate monohydrate and boric acid were applied 
as sources of N, P, K, S, Zn and B nutrients. They were considered as inputs. Light-duty 
diesel trucks capable of carrying ca. 5 t were used for carrying inputs in Bangladesh. Trans-
oceanic freighters were used for inputs imported from other countries (Table 6.2). All 
distances of the system inputs are specifically shown in Table 3. Additionally, the details of 
inputs can be found in Table 6.2. The three major greenhouse gases (CO2, CH4 and N2O), the 
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savings of C in soil and the harvested products (grain and residues) were considered as the 
outputs of the production systems and of the study. 
6.2.4.2.2 Pre–farm emissions 
Greenhouse gas emissions of activities related to input production (chemicals, energy and 
machinery) and their delivery to the field were estimated. Based on the LCA study conducted for 
boro rice production, indirect emissions from manufacturing of farm machinery were calculated 
by following the database of input/output of USA (Suh, 2004) as described by Alam et al. (2016). 
The EF of farm machinery production (0.15 kg CO2eq US$
-1) was multiplied by the cost of 
machinery manufacture for each functional unit determined according to 1998 US$ value (WB, 
2014).  
 
The chemicals used for rice production following the establishment practices under study were 
recorded per tonne of rice production. These EFs were sourced from Alam et al. (2016b) as they 
represent the general condition in Northwest Bangladesh. The EFs of crop nutrients used from 
Alam et al. (2016b) were for fertilizers (urea, triple superphosphate), crop protection insecticides 
(Malathion™, Sumithion™), fungicides (Amistar™ and Tilt™) and herbicides (Refit™ and 
glyphosate). For the insecticide, Wonder 5WG (Emamectin Benzoate), and fungicide, Rovral 
50WP (Ipridione), the local EF was determined from the embodied energy consumption (RMIT, 
2007; DEFRA, 2008) of these chemicals, multiplied by the local EFs for energy production 
(ADB, 1994; GoB, 2011; Brander et al., 2011). The GHG EFs of urea, superphosphate and 
pesticide production were sourced from the work of Alam et al. (2016b) who considered the EF 
for electricity generation was 0.64 kg CO2eq kWh
-1 following UN–FCCC (2017). The source 
countries of imported inputs were collected from Bangladesh Business News (2013) and BBS 
(2013), while the EFs of the inputs imported to Bangladesh (urea, triple superphosphate, muriate 
of potash (MoP), gypsum, zinc sulphate monohydrate and boric acid) were obtained from Alam 
et al. (2016b) as the EF values represent the overall situation of the study area.  
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The GHG emissions of different modes of transport associated with this rice production were 
obtained from the database of INFRAS (2010), Kitzes (2013), HBEFA (2014), World Resource 
Institute and WBCSD (2013). The modes of transportation include the transportation by sea 
(trans-oceanic bulk cargo carrier) and trucks (3–7 tonnes) for road transport. The emission of 
GHGs for input deliveries from factory to crop field are expressed in terms of tonne kilometres 
(tkm) travelled by road and tonne-nautical miles (t-nm) travelled by sea. The distance between 
the paddy field and its source was multiplied by the weight of input to determine ‘tkm’ (Biswas et 
al., 2008; Barton et al., 2014; Alam et al., 2016b).  
 
6.2.4.2.3 On–farm emissions 
Greenhouse gas emitting activities in the monsoon rice season start with the preparation of land 
by wet tillage (crop establishment) operation, include soil emissions after application of 
chemicals for crop nutrition and protection and intercultural operations and finally fuel use for 
harvesting. For the rain-fed monsoon season rice crop there was no use of diesel for operating the 
irrigation pump.  
 
6.2.4.2.3.1 Farm machinery–In the case of the conventional system, a rotary tiller was used for 
land preparation for the establishment of rice crop following puddling of soil, and a strip planter 
was used to prepare strips for transplanting rice crop into non-puddled soil (Haque et al., 2016). A 
harvester of 9 kW was used for harvesting rice. Fuel consumption in terms of litres per hectare by 
the farm machinery was measured during farming operations and was dependent on area of land, 
operating width of machinery (tiller and harvester) and the number of machinery passes across 
the land (Alam et al. 2016b). The EFs of fuel combustion for the usage of light machinery 
(≤500kW) were collected from RMIT (2007), INFRAS (2010) and HBEFA (2014) and these 
values were used to calculate GHG emissions. The light machineries considered for this 
 173 
 
experiment are commonly used in the EGP region. The fuel use (litres ha-1) was based on 
machinery usage in standard machinery terms of the region (for Versatile multi-crop planter 1.25, 
for rotary tiller 3.22 to 3.32 and for harvester 1.82 to 2.11 L t–1).  
 
6.2.4.2.3.2 Soil – The major GHGs (CO2, CH4 and N2O) emitted directly from soil of the 
experimental site were measured as detailed in the GHGs measurement and gas flux calculations 
section above. The emissions of N2O that occur indirectly via volatilization of ammonia and 
leaching of nitrate were excluded from the study owing to lack of data. For this soil, occurrence 
of a hard pan beneath the plough layer (Islam, 2017) restricts leaching loss of N to the deep soil 
layers (Patil and Das, 2013). In addition, there was continuous standing water in the field (Figure 
6.2) which lowers the risk of synthesis of N2O via denitrification (Dobbie and Smith, 2006). 
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Figure 6.2 Rainfall distribution over the season of monsoon rice at Alipur (top); the depth of 
standing water in field during the monsoon rice growing season (bottom). [CT=Conventional 
puddling, NP=Non-puddling of rice following strip planting; LR=farmers’ practice and 
HR=Increased residue retention] 
 
6.2.4.3 Impact assessment 
A global warming impact value for the 100-year time horizon was used to estimate the CO2 
equivalent greenhouse gas emissions for the production of each functional unit (1 tonne) of 
monsoon rice. The conversion factors used for converting CH4 and N2O to the baseline unit, CO2, 
were 25 and 298 (IPCC, 2007). To calculate the total CO2eq emitted per hectare (kg CO2eq ha
–1), 
the CO2eq emission was summed up for the studied rice season covering the period from late 
June to October. Finally, the actual LCA GHGs were calculated by subtracting sequestered C in 
the monsoon rice season from the total LCA GHGs in order to obtain a net GHG value for 
production of each unit (one tonne) of monsoon rice. Excel spreadsheet was used to multiply LCI 
inputs with the corresponding emission factors to determine the overall global warming intensity 
(Engelbrecht et al. 2015).  
 
6.2.5 Statistical analysis 
The effects of soil disturbance for crop establishment and residue return on the CO2eq emission 
from pre-farm, on-farm and total and actual LCA GHG emissions and sequestered carbon were 
statistically analysed with a two–factor split plot analysis of variance by using SPSS software v21 
(SPSS Inc., Chicago, IL, USA). Least significant difference (LSD) value was adopted in 
comparing means with 5 % significant level.  
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6.3 Results 
6.3.1 Rainfall and standing water level in field 
The rainfall was evenly distributed over the monsoon growing season. From the day of sowing to 
31 July, the amount of rainwater was 1555 cm, in the next month (August) it was 2528 cm, in 
September, the rainfall was 3174 cm. For the first ten days of October, the rainfall was 1570 cm. 
From 11 September to 23 September was the longest period without rain fall (Figure 6.2). The 
depths of standing water in the field under all treatments reflected the rainfall patterns and 
distribution, though the water depths were consistently higher with CTLR and CTHR. For 
example, in July, the water depth with CT was 9.5 cm and 8.5 cm with NP. In August, the CT 
soils had 9.8 cm and NP had 6.1 cm of standing water (Figure 6.2). With the increase in intensity 
of rainfall, the water table depth increased at the end of the study in October (Figure 6.2). 
 
6.3.2 GHG emission for monsoon rice production under crop establishment and residue 
return practices  
Soil disturbance for crop establishment and residue management practices altered levels of GHGs 
emitted during monsoon rice production (p < 0.05) (Figure 6.3). Between the studied practices, 
CTHR led the total life cycle GHG emissions for the production of a single tonne of monsoon 
rice, while non-puddling with residue return at increased rate (NPHR), conventional puddling 
with minimal residue return (CTLR) and NPLR had decreasing emissions in that order. Non-
puddling of rice with low residue retention saved 47 and 20 % GHG emission over CTHR and 
CTLR, respectively, while with NPHR savings were 26 % over CTHR. Non-puddling with HR 
and CTLR had similar total GHGs (p > 0.05) (Figure 6.4 and 6.5A). However, NPLR reduced 
CH4 emissions associated with the aerobic digestion of residues and thereby on–farm emissions. 
While, NPHR outperformed NPLR with regard to yield, total life cycle GHG emitted for the 
production of each tonne of rice in NPHR exceeded that with NPLR. The CTLR and NPHR had 
statistically similar on–farm emissions of GHGs (p > 0.05; Figure 6.3). The pre–farm emission in 
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NPHR, CTHR and CTLR was similar (p > 0.05) but NPHR had significantly lower emissions 
than CTLR (17 %) (p < 0.05) (Figure 6.5).  
On the whole, the emissions during pre–farm stages represented only 14-22 % of the on-farm 
emissions.  
 
 
Figure 6.3 On-farm life cycle greenhouse gas (GHG) emissions produced per season for one 
tonne of rice production as influenced by crop establishment techniques and residue retention 
(p<0.05). Bars with the same letter above them are not significantly different at p<0.05. 
Comparisons are made among emissions converted to CO2eq according to global warming 
potentials of CO2, CH4 and N2O over 100-year time horizons. [Legend: CT–Conventional 
puddled transplanting of rice; NP–Non-puddled transplanting of rice; LR–Low residue retention 
level; HR–Increased residue retention level].  
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Figure 6.4 Greenhouse gas emissions produced by sectors per season for one tonne of rice 
production as influenced by crop establishment techniques and residue retention (p<0.05). 
Comparisons are made among emissions converted to CO2eq according to global warming 
potentials of CO2, CH4 and N2O over 100-year time horizons. [Legend: CT–Conventional 
puddled transplanting of rice; NP–Non-puddled transplanting of rice; LR–Low residue retention 
level; HR–Increased residue retention level]. Columns with the same letter are not different from 
each other at P < 0.05 level of significance. 
 
6.3.3 GHG emissions from pre–farm and on–farm stages 
6.3.3.1 Pre–farm stage: The NPHR had 17 %, 11 %, 9 % lower pre-farm emissions than CTLR, 
CTHR and NPHR, respectively due to increased yield compared to the input requirement (p < 
0.05; Figure 6.6). The production of inputs contributed 13 %, 11 %, 15 % and 12 % to the actual 
LCA GHG emissions during the pre-farm stage for CTLR, CTHR, NPLR, and NPHR, 
respectively (Figure 6.6). Of all these chemical inputs, pesticides and fertilizer inputs were the 
main contributors (i.e. > 90 %) of pre-farm GHG emissions. Among different activities, the 
manufacture and transport of inputs (chemicals) to the field claimed the maximum share, 
respectively. And among the different inputs, fertilizer provision up to field made up the highest 
portion of the emissions at the pre-farm stage.   
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6.3.3.2 On–farm stage: The GHGs emitted from monsoon rice cultivation at the on-farm stage 
contributed the major part of total GHG emissions. The on-farm stage accounted for 81 and 78 %, 
for CT and NP with LR while the contributions by CTHR and NPHR amounted to 86 and 84 % 
of the total LCA GHG emitted during monsoon rice production, respectively (Figure 6.4). The 
GHGs emitted by CTLR practice were not significantly different from NPHR (p > 0.05), in spite 
of keeping decreased residue in the field (Figure 6.3). The NPLR showed potential saving for 
GHG emissions compared to other tillage and residue retention combinations. Due to increased 
methane emissions, the CTHR had the highest emissions from soils under monsoon rice 
cultivation.  
6.3.4 Hotspots of the LCA of monsoon rice  
The CH4 production and emission from wetland rice fields was the prevalent form of the three 
GHGs measured in the study and accounted for the foremost portion of the total LCA GHG 
emission (Figures 6.3–6.6). The share of CH4 was 62 – 63 % for LR, and 66 – 67 % for HR 
practices. Carbon dioxide emissions from paddy fields (17-18 %) followed on-farm CH4 
emission, and were followed by production of inputs (10-15 %). Of the total on-farm emissions, 
CO2 emissions comprised about 17–21 %. The N2O emissions made up only 2–3 % of the total 
LCA GHGs (Figures 6.3–6.6). The farm machineries used for land preparation and harvesting 
accounted for the lowest part (0.5–1 %) of the LCA GHGs (Figure 6.4). Among the total pre-farm 
emissions, manufacturing inputs and their delivery to rice fields made up about 80 and 20 %, 
respectively.  
 
6.3.5 Overall GHG emissions 
Total life cycle GHGs emitted t-1 monsoon rice production differed among NPLR, NPHR, CTLR 
and CTHR (Figures 6.5–6.6). The life cycle GHG emissions for the system boundary (from both 
the stages) were 1.48, 1.82, 1.23 and 1.49 tonne CO2eq t
-1 monsoon ice production under CTLR, 
CTHR, NPLR and NPHR, respectively. When increased C storage in soil was included in the 
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accounting, the actual LCA GHGs t-1 of monsoon rice production were reduced to 1.36, 1.58, 
1.04 and 1.18 tonne, respectively. Similarly, when C sequestration was estimated by subtracting 
all C losses from NPP, the actual LCA GHGs t-1 of monsoon rice production were 1.69, 1.75, 
1.22 and 1.24 tonne CO2eq. 
 
6.4 Discussion 
6.4.1 GHG emission for monsoon rice production  
Non–puddled soil for monsoon rice establishment with LR and HR had the lowest life cycle 
GHGs over the 100-year time horizon (both total and actual) per tonne of monsoon rice produced 
(Figures 6.4 and 6.5). The decrease relative to current practice (CTLR) could be ascribed to 
minimal disturbance of soil, relatively higher soil redox potential (Eh), lower standing water 
depth (Figure 6.2), less CH4 produced (Shao et al., 2017) and greater accumulation of SOC (Alam 
et al., 2018). The total LCA GHG in NPHR exceeded that with NPLR, probably because the extra 
CH4 emissions in NPHR counterbalanced the yield benefits of the practice with the increased 
residue retention. The NP in the recent study deployed minimum tillage, maintained higher Eh 
values and accordingly, restricted CH4 synthesis and emissions as also found with irrigated rice 
(Alam et al., 2016b). Crop establishment practices and residue return had varied Eh values which 
ranged from –200 mV in CTLR to –300 mV in CTHR and –150 mV in NPLR to –250mV in 
NPHR (Appendix 6.3). The higher Eh values recorded under NP may oxidise CH4 at an increased 
rate and reduce its emission by promoting the activities of bacteria which are responsible for CH4 
oxidation (le Mer and Roger, 2001). The higher total and actual life cycle GHGs under CTHR 
and CTLR practices can be attributed to heavy disturbance of soils by tillage followed by 
puddling of soil which exacerbates the anaerobic conditions and resulted in a lower redox 
potential of soil (Alam et al., 2016b). The anaerobic, saturated rice soil conditions created within 
a few hours after flooding (Adhya et al., 2000; Bodelier, 2003) favour the increase of 
methanogenic numbers and activities and production of by–product CH4 through the microbial 
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anaerobic respiration. The increased residue incorporation under conventional puddling of soils 
facilitates the supply of substrate to methanogens and also stimulates the organisms to grow 
luxuriantly. Wang et al. (2000) and Yao et al. (1999) also found that the application of carbon-
rich straw helps methanogens to survive and lowers redox potential in soils. These are the ideal 
conditions for the organisms to increase CH4 emission.  
Strip planting and non-puddling of soils together with increased residue retention over 5 years 
sequestered more C in soil (Alam et al., 2018). The increase in SOC can be attributed to: surface 
retention of crop residues of three crops per year as cover and the increase in C addition due to 
increased biomass production; decreased disturbance of SOM and plant root residue; lower CO2 
emissions and; crop sequences with diverse species producing different residue qualities (Wang 
et al., 2012). Hence, the lower methane emissions coupled with increased C sequestered in soils 
are the principle causes for lower life cycle GHGs (both total and actual) for 1 tonne of rice 
production under NPLR and NPHR practices (Figures 6.4 & 6.5). 
  
The emissions of monsoon rice at pre-farm stage were significantly lower than many other 
studies conducted in the rice growing regions in the world. The reasons behind the low emissions 
in our study are the absence of irrigation due to regular rain throughout the season (Zou et al., 
2012), the requirement for lower inputs of chemical inputs (fertilisers, fungicides, insecticides), 
use of natural gas as raw material for urea fertiliser production and electricity generation within 
Bangladesh and light vehicle use for transportation of the inputs to the paddock of the present 
study (Alam et al., 2016b). The lowest pre-farm emission per tonne of grain found in NPHR can 
be attributed to higher grain yield of NPHR. Though CTHR outperforms NPLR in case of rice 
crop production, the pre-farm emission under the latter practice is lower than the former (Figure 
6.6). This can be attributed to lower fuel input requirements for NPLR and NPHR practices 
(Hossen et al. 2018) resulting in lower pre-farm stage emissions of GHG. The emissions of GHG 
at pre-farm stages of the current study are comparable to those reported by Xu et al. (2013) and 
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Blengini and Busto (2009), but higher than those obtained by Alam et al. (2016b) and Thanawong 
et al. (2014) and Wang et al. (2010). In the case of irrigated boro rice  (Alam et al., 2016b), 
higher production of irrigated rice (6.2 to 6.7 tonne ha-1 versus  4.6 to 5.3 tonne ha-1 in the present 
study)  decreased pre-farm emission per tonne of rice. The yield of rice during the monsoon 
season in South Asia is low despite the use of carbon intensive inputs due to low solar radiation. 
The pre-farm emissions in the present study in the monsoon season were 40-70 % higher than the 
similar study conducted in irrigated season (Alam et al., 2016b). Brodt et al. (2014) reported 
higher rice grain yield (9.3 Mt ha-1) was associated with lower pre-farm emission than the case 
reported by Wang et al. (2010) which despite a yield of 8.8 Mt ha−1 was more input intensive and 
used more than double the inputs. Fusi et al. (2014) in a LCA study found that production of pre-
farm inputs mainly fertilisers, deliveries of the inputs to the field and input use per tonne of 
harvest accounted for 30–40 % of the total LCA GHGs. The result of the current study also 
contrasted with the LCA GHG results of Blengini and Busto (2009) where pre-farm has been 
found to be energy intensive due to use of heavy duty vehicles in transporting inputs, the use of 
high levels of fertilisers and pesticides and electricity generation with the use of diesel fuel as a 
feed–stock which consequently contributed to high emissions.  
 
As the present study was conducted in the monsoon season, the fuel consumption during on-farm 
activities was limited to land preparation and harvesting. The factors influencing the on-farm life 
cycle GHGs from field crop production include crop establishment practices (Lal, 2004; Alam et 
al., 2016b), SOC and N nutrient status (Duby and Lal, 2009; Gupta et al., 2009) and irrigation 
provision (Tarlera et al., 2016). Kasmaprapruet et al. (2009) found cultivation to be responsible 
for most of the GWP (almost 95 %), while harvesting and seed processing contributed 2 % each 
of a life cycle GHG of rice. In the irrigated boro rice study by Alam et al. (2016b), the LCA GHG 
emissions for fuel use for irrigating the field and preparing land and harvesting the crop were 14–
19 % of the emissions from on–farm life cycle stage. That irrigation provision for rice production 
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consumes most energy source was also found by Islam et al. (2013) and Khan et al. (2009). On 
the contrary, the present study did not require any irrigation application and saved those LCA 
GHGs. But the present study contrasted with the study by Thanawong et al. (2014) who found 
almost double the amount of CH4 emissions with irrigated rice relative to rain-fed rice and hence 
irrigated rice produced higher emissions at on-farm stage compared to rain-fed rice. Since paddy 
was grown in the monsoon (rainy) season, only rain water was enough to meet the crop water 
demand and so there was no emission associated with the combustion of diesel for running an 
irrigation pump.  
 
6.4.2 Identification of hotspots 
In the present monsoon paddy rice LCA, the key hot-spots in order of priority are on–farm 
methane emissions (62.5 to 66.6 %), CO2 emissions from soils due to soil respiration (16.9 to 18 
%), production and transportation of inputs and N2O emissions from the field (Figure 6.4). Alam 
et al. (2016b) and Blengini and Busto (2009) in their LCA of rice in the EGP-Bangladesh and 
Italy, respectively, recognised that CH4 emissions from soil and CO2eq emissions by farm 
machinery operations and fertilizer applications during on-farm stage of LCA boundary were the 
leading hotspots, in that order of priority.  
 
The hotspots which the present study found are similar to the LCA studies conducted for irrigated 
rice in the EGP (Alam et al., 2016b) and for monsoon rice in Indo-Gangetic Plain (Pathak et al., 
2005) where CH4 contributed around 60 % of LCA GHG emission. There is also a body of LCA 
studies conducted on the cultivation of wetland rice in temperate climates in Japan (Harada et al., 
2007; Fumoto et al., 2008; Hokazono and Hayashi, 2012; Hatcho et al., 2012), in France 
(Drocourt et al., 2012) and Italy (Fusi et al., 2014; Bacenetti et al., 2015) that identified CH4 
emission during the on-farm stage as the major GWP contributor. Even though the studies 
mentioned above identified CH4 as the main source of LCA GHG, the current assessment had 
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higher total CH4 emissions relative to other assessments (63–67 % of total LCA GHG or 0.93–1.2 
tonne CO2eq per tonne rice production in CTLR and CTHR, respectively; 63 % of total LCA 
GHG or 0.78 tonne CO2eq in NPLR and 66 % of total LCA GHG or 0.99 tonne CO2eq in NPHR 
for each tonne rice production). The present study verifies that CH4 synthesised through the 
process of organic matter decomposition under anaerobic soil condition occurs in the profile of 
non-puddled submerged fields as well as in puddled soils, and regardless of retained residue 
levels. Possible mitigation options include direct seeded rice under conventional tillage (CT-
DSR) or zero tillage-DSR under dryland soil condition which have the potential of reducing CH4 
emissions, while favouring CH4 oxidation, though such soil conditions also increase the emission 
of N2O (Liu et al., 2014; Ishibashi et al., 2007). In addition, Adviento-Borbe et al. (2016) 
suggested localised fertiliser-N application to reduce both CH4 and N2O losses. Therefore, the 
high net GWP for conventional wetland rice cultivation could be potentially lower with 
alternative rice establishment practices (Adviento-Borbe et al., 2016) including the non-puddled 
soil treatment of the present study and Alam et al. (2016b). Pesticides and fertilizers comprised 
the major share of the chemicals because rice crop required these inputs at high rates while 
chemicals such as urea, superphosphate, MoP and glyphosate were imported, thus increasing the 
emissions from transportation (Alam et al. 2016b). 
 
6.4.3 Overall GHG emissions 
The actual life cycle GHGs t-1 of monsoon rice varied from 1.36 to 1.69 in CTLR, from 1.58 to 
1.75 in CTHR, from 1.04 to 1.22 in NPLR and from 1.18 to 1.24 in NPHR tonne after accounting 
for sequestered C in soil or C sequestration estimated by subtracting C losses from NPP, 
respectively. The total life cycle GHGs t-1 rice production without taking C sequestration data 
into account were 1.48, 1.82, 1.23 and 1.49 tonne CO2eq for the CTLR, CTHR, NPLR and 
NPHR, respectively (Figures 6.5–6.6). The LCA GHG in the present life cycle study for rice 
production in the EGP were higher than the study conducted by Alam et al. (2016b) who found 
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1.11 to 1.19 tonne CO2eq in NPLR and NPHR and 1.3 to 1.6 tonne CO2eq in CTLR and CTHR, 
respectively, for the production of each tonne irrigated rice, even though they did not account for 
soil sequestered C. The higher emissions in the present study can be attributed to lower relative 
yield and continuous submergence of paddy rice soil during monsoon season which caused lower 
soil redox potential which stimulates higher CH4 emissions (Takai and Kamura, 1966; Yu and 
Chen, 2004). The LCA study of Hokazono et al. (2009) conducted in Japan estimated life cycle 
GHG for 1 tonne of rice production under conventional soil puddling was 1.5 tonne CO2eq. Farag 
et al. (2013) found even higher life cycle GHGs (1.9 tonne CO2eq tonne
–1 rice) with the system 
boundary up to the farm gate (due to higher CH4 emission, increased input use especially N and 
rice straw burning after harvest). Additionally, in the analysis of Ryu et al. (2013), the C footprint 
t-1 rice production under CT practice (puddling) was 2.2 tonne CO2eq up to the farm gate 
boundary (due to increased CH4 emission for continuous flooded condition, increased use of 
inputs especially N, use of diesel fuel as feedstock). In the current study, the life cycle GHGs 
(1.40–1.65 tonne CO2eq tonne
-1 rice) for the production of rice under puddled transplanting 
practice were in close proximity of values estimated for rice production under the same practice 
in other locations and in different climates. As for example, Hokazano and Hayashi (2012) 
estimated the LCA GHG up to farmgate to be 1.46, 1.58 and 2.0 tonnes of CO2eq emission for 
conventional, environment-friendly and organic rice farming, respectively, while Wang et al. 
(2010) within the same boundary showed the estimate of LCA GHG of traditional monsoon rice 
establishment in the rice-wheat system was 1.50 tonnes of CO2eq t
-1 of rice. The LCA GHG 
including milling of paddy rice in the study of Blengini and Busto (2009) in Italy for traditional 
rice crop establishment was recorded to be 2.52 to 2.66 tonnes of CO2eq t
-1 of rice. Up to 
farmgate boundary, the LCA GHG as estimated by Thanawong et al. (2014) in the North East 
Thailand ranged from 2.97 to 5.55 for tonnes of CO2eq t
-1 of rice produced by following sowing 
by dry seeded, sowing by wet seeded/transplanting (nursery). The comparatively higher emission 
was attributed to lower yield inspite of using increased amounts of inputs. On the contrary, the 
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studies conducted by Ecoinvent Centre (2008), Brodt et al. (2014) in USA (California) and 
Bautista and Saito (2015) in Philippines up to farmgate boundary found a lower range of LCA 
GHGs (from 0.47 to 1.09 tonnes CO2eq t
-1 rice) than the GHGs recorded in our present study 
despite using traditional wetland rice production methods.   
 
6.4.4 Importance of accounting for soil sequestered C under long-term cropping systems 
The majority of LCAs of agricultural products have not accounted for possible changes in soil 
carbon sequestration which may occur when new soil and crop management practices are 
implemented. While agricultural ecosystems can emit C as CO2 and CH4 they can also 
simultaneously sequester C (Zhang et al. 2017). Accounting for SOC sequestration in the present 
study adds important insights to the LCA for monsoon rice. The amount of SOC sequestration 
varied with rice cropping system. While monsoon rice is a high CH4 emitter this can be offset in 
part by high C sequestration. The actual LCA GHG emissions of the current practice of rice crop 
establishment was similar to that of total LCA GHG of the CA practice, non-puddled 
transplanting of rice with increased residue retention (NPHR) (p<0.05; Figure 6.6). However, 
after accounting for SOC sequestration, the LCA GHG of NPHR was significantly lower than the 
actual GHG of CTLR. The NPHR had 15.5 % lower actual life cycle GHG, while NPLR had 
even 32 % lower emissions due to the reduced contribution of CH4 emission and the C 
sequestration in soil (p<0.05; Figure 6.5). Alam et al. (2016b) studied the LCA of irrigated rice 
production in the EGP under novel non-puddled transplanting of rice relative to traditional rice 
cultivation without taking soil C sequestration into account. Similarly, Cheng et al. (2011, 2014) 
used input data from national inventory of agriculture to assess the C footprint of grain crop 
production but did not include data of SOC sequestration. On the other hand, Goglio et al. (2015) 
and Petersen et al. (2013) found that accounting for soil sequestered C in a long-term cropping 
system study is critically important for finding actual/net LCA GHGs for any crop production 
practices.  
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Figure 6.5 Total (A-top) and actual LCA GHG (B-middle & C-below) emissions produced per 
season for one tonne of rice production as influenced by crop establishment techniques and 
residue retention (p<0.05). Actual LCA GHGs were calculated by subtracting the CO2eq for soil 
organic carbon sequestered at 0-30 cm of soil from crop 15 to 18 (B), and by subtracting C 
sequestration estimated by subtracting loss of C from NPP during the monsoon rice crop (see 
Materials and methods for the calculation). Bars with the same lower case or capital letter above 
them are not significantly different at p<0.05. Comparisons are made among emissions converted 
to CO2eq according to global warming potentials of CO2, CH4 and N2O over 100-year time 
horizons. Legend: See Figure 6.4. 
 
 
 
Figure 6.6 Pre-farm life cycle greenhouse gas (GHG) emissions produced per season for one 
tonne of rice production as influenced by crop establishment techniques and residue retention 
(p<0.05). Bars with the same letter above them are not significantly different at p<0.05. 
Comparisons are made among emissions converted to CO2eq according to global warming 
potentials of CO2, CH4 and N2O over 100-year time horizons. [Legend: CT–Conventional 
puddled transplanting of rice; NP–Non-puddled transplanting of rice; LR–Low residue retention 
level; HR–Increased residue retention level].  
 
6.5 Conclusions 
Non-puddling for rice establishment with low or high residue inputs offers significant GHG 
savings on both pre-farm and on-farm stages of monsoon rice production (NPLR saved 47 and 20 
% on-farm GHG emission, respectively, over CTHR and CTLR while NPHR had 17 % lower 
pre-farm emission than CTLR), relative to conventional methods of rice crop establishment in the 
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EGP. The shrinking of the carbon footprint for rice production compared to conventional tillage 
can be attributed to straw retention and minimum soil disturbance that increased soil carbon 
sequestration and reduced CH4 emissions. The non-puddled transplanting of rice with low residue 
return was the best option for the mitigation of total LCA GHGs and for actual LCA GHGs. The 
CTLR and CTHR accounted for 1.3 and 1.7 tonne actual LCA GHGs. The savings of actual LCA 
GHGs with the best mitigation practices, NPLR and NPHR, were 0.54 and 0.39 t emissions t-1 of 
rice production relative to CTHR and CTLR, respectively. 
The on–farm stage had high emission of agricultural GHGs from soil and from use of on-farm 
machineries and accordingly, contributed 78 % (NPLR) to 86 % (CTHR) of the total LCA GHG 
emissions. Irrespective of tillage and residue return practices, CH4 emission was the most 
prevalent GHG from the on-farm stage for 1 tonne of monsoon rice production under anaerobic 
soil conditions in the EGP. Carbon dioxide emission from soil was the second highest contributor 
to LCA GHGs of monsoon rice production. Further modifications of the monsoon rice cultivation 
practice (e.g. zero tillage direct seeding) and yield increase could improve the life cycle GHG 
performance for wetland rice crops in the EGP. The exclusion of C sequestration overestimated 
the LCA GHG emissions by  16 % for non-puddling with increased residue retention to 32 % 
with non-puddling with low residue retention relative to their life cycle GHG emphasising the 
necessity of accounting for soil organic C sequestration in the LCA analysis.  
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Chapter 7 Carbon footprint of an intensive rice-based cropping system using conservation 
agriculture on the Eastern-Gangetic Plains  
 
Abstract 
Emerging conservation agriculture (CA) technologies are suitable for rice-upland cropping 
systems and their potential to mitigate greenhouse gas (GHG) emissions of the whole rice-based 
cropping system could be significant in South Asia. A streamlined life cycle assessment (LCA) 
was conducted in the Eastern part of the Indo-Gangetic Plains (EGP, Bangladesh) to determine 
emissions of GHGs from successive crops of monsoon rice, mustard and irrigated rice under CA 
practices in contrast with the conventional crop establishment practice. The life cycle GHG tonne-
1 rice equivalent yield (REY) was assessed for four cropping practices: a) traditional crop 
establishment practices (CT) with farmers’ practice of minimal residue return (LR), b) CT with 
return of increased residues (HR); c) strip planting (SP for upland crop)/ transplanting on non-
puddled soils (NP for rice) with farmers’ practice of minimal residue return (LR) or; d) SP/NP 
with increased residue return (HR). The global warming potential values (GWP) for the 100-year 
timescale were used to calculate CO2eq emissions from the emissions recorded within the system 
boundary.  
The actual LCA GHG emissions after allowing for changes in soil carbon sequestration varied 
from 0.73 to 1.12 tonne CO2eq tonne
-1 REY. In the annual cropping system, methane (CH4) 
released from on-farm stage of the LCA, particularly from the rice crops, represented the 
dominant contributor to LCA GHG. The GHG emitted by machinery usage during the on-farm 
stage (irrigated rice), CO2 emission from soil respiration (monsoon rice), and GHG related to 
inputs manufacture (REY of mustard) were secondary sources of emission, in that order of 
priority. The NPLR and NPHR were the most effective GHG mitigation options when 
sequestered C was taken into account (they avoided 51 % and 35 % of the actual LCA footprints 
compared with CTHR and current farmers’ practice, respectively) in footprints of component 
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crops of rice-based rice-upland cropping system. The CA approaches being developed for the 
EGP involving strip planting or NP have potential to mitigate GWP of intensive rice-based triple 
cropping systems but the LCA approach needs to be applied to a more diverse range of rice-
dominant and rice-based triple cropping systems. 
 
Key words: Bangladesh; crop establishment practices; labour requirement; cropping system LCA 
GHG; non-puddled transplanting; puddled transplanting; rice-upland triple cropping system; strip 
planting 
 
7.1 Introduction 
Energy balance (Lal et al., 2015; Iqbal, 2007; Abbas, 2011; Heidari and Omid, 2011) and GHG 
fluxes have been reported for single crops in numerous studies (Vetter et al., 2017; Gan et al., 
2012a; Thanawong et al., 2014; Wang et al., 2010; Harada et al., 2007; Gan et al., 2012b), but 
there is limited information on the C footprint of complete crop rotations especially for intensive 
cropping systems such as those common in the EGP (Alam et al., 2016b). The hotspots 
contributing the largest emissions to the life cycle GHGs are known to vary among crops due to 
differences in irrigation, fertiliser rates, climate, fuel use for transportation and farm machinery 
use, varied yield per unit area and harvesting techniques (AIJ, 2003; Lal, 2004; Brentrup, 2009).  
Since farmers across South Asia grow diverse sequences of crops, it is important to determine the 
GWP of complete annual crop rotations rather for single crops.  
Rice–based triple cropping systems have complex effects on GHG emissions due to variation 
during the year  in temperature and water regimes, varied duration of crop growth, as well as 
differences in crop outputs (and yields), energy/feedstock use efficiencies, nutrient (fertilizer) 
inputs, residue/carbon returns and other inputs influencing management activities and production. 
During upland crop cultivation, dominant share of GWP is contributed by N2O, while CH4 
contributes the major share of GHGs during paddy crop cultivation under submerged condition 
while CO2eq emissions associated with irrigation provision contribute significantly during the 
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irrigated rice crop (Alam et al., 2016b). Tillage practices, residue management, growing crops in 
rotation, chemicals use for pest and nutrient managements control the global emissions of GHGs 
and eventually on C sequestration (Duxbury et al., 1993). Soil disturbance by tillage may 
decrease topsoil C, but inversion tillage may move the C enriched soils and organic materials on 
the soil surface to plough layer and thereby, might increase it in the deeper layers (Vanden 
Bygaart and Angers, 2006), whereas minimum soil disturbance and residue retention might 
enhance accumulation of organic carbon in soils (SOC) by increasing biomass yields and 
simultaneously by slowing down SOC loss (Lal et al., 1999; Alam et al., 2018). Conservation 
agriculture systems increase cropping system productivity, economic return and C stocks, reduce 
fuel use and energy requirement (Hobbs et al., 2008) but how the systems contribute to GWP 
mitigation, especially when considering the C footprints of all component crops of a cropping 
system, has not been studied yet. So et al. (2001) showed that deployment of conservation tillage, 
in many situations, can reduce CO2 emissions from the soil by 4.3 Mt yr
-1, compared with 
emissions from soils under conventional tillage. Crop establishment by soil tillage have mixed 
effects on N2O emissions (minimum tillage accounted for higher N2O emission (Ussiri et al., 
2009), insignificant emission (Jantalia et al., 2008) or lower N2O emission (Steinbach and 
Alvarez, 2006) than emissions in soils under zero tillage). In addition, incorporation of residues 
into the field may increase sequestered C in soil but may enhance CH4 fluxes (Sass, 2002). Lower 
CH4 emission by mid-season drying of rice soils due to drainage may accompanied by increased 
emission of N2O (Towprayoon et al., 2005).  
The variations in C addition to soils, level of disturbance of soils, and decomposition of residue 
define if C stores/ loses from soil. The cultivated crops supply variable C inputs from turnover of 
roots, return of crop residue and live roots, root exudates (Ghimire et al., 2017a). Soil C inputs 
from aboveground biomass, belowground root biomass, root exudates and rhizodeposits, 
microbial biomass and organic amendments help increase SOC sequestration, while growing 
crops in rotation under conservative tillage and return of crop residues at increased rates enhance 
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the processes of soil C gain (Freibauer et al., 2014). In addition, recent development of non–
puddled transplanting of rice and strip planting for upland crops in rice-based cropping systems, 
has been reported to increase SOC (0-10 cm) while reducing fuel use and life cycle LCA GHGs 
per unit of irrigated rice yield (Alam et al., 2016b, 2018). But these studies only considered a 
single rice crop (e.g. Alam et al., 2016b, 2018). Inclusion of SOC sequestration data is also very 
important to estimate the actual C footprint of crop production alone or in a system (Alam et al., 
2018; Alam et al., 2019). However, different management practices from establishment to harvest 
determine sequestration of SOC, impacting the attributes and amount of crop residues which 
upon return to the soil vary in decomposition (Ghimire et al., 2017b; Gao et al., 2016; Liu et al., 
2006).  
Given the complexity of factors affecting growth of each crop of the rice-based triple cropping 
system in a year, a complete accounting of actual life cycle greenhouse–gas (GHG) fluxes 
together with C sequestration in soil, is needed to evaluate strategies of GWP mitigation for rice-
dominant cropping which is a major contributor to global agriculture’s C footprint (Robertson 
and Grace, 2004). The current research was conducted to: 
1. develop a complete LCA of a mustard–irrigated rice-monsoon rice cropping system 
practiced in the EGP, and 
2. To highlight the hotspots in the cropping system LCA GHG  
3. To determine the relative contributions of crops to emissions of major GHGs within the 
cradle to farmgate boundary of the cropping system LCA. 
 
7.2 Materials and methods 
 
7.2.1 Details of experimental location and design 
Details of the study site and experimental design are available at Alam et al. (2016b), Alam et al. 
(2018) and Alam et al. (2019). A necessary detail of the experimental site is given in Table 7.1.   
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Table 7.1 Summary of the characteristics of the life cycle GHG study site 
Characteristics of study site Details 
Location Northwest Bangladesh at Alipur village, Durgapur upazilla, 
Rajshahi division 
Texture class Silt loam 
Soil type Calcareous Brown Flood Plain  
Subgroup (USDA) Aeric Eutrochrept 
Parent material  Ganges river alluvium  
Location 
(Latitude and longitude) 
24° North latitude, 88° East longitude. 
Landform Narrow terraced strips on the gently undulating slopes of the flood 
plain.  
Altitude 8 m above sea level 
Rainfall 1047 to 1693 mm; lower than other parts of Bangladesh; 
concentrated on monsoon season (June to September)  
Dominant minerals  Mica–vermiculite–smectite (interstratified) and kaolinite–smectite 
(interstratified), Mica, Kaolinite (Moslehuddin et al., 2009) 
Drainage Moderate 
mm=millimetre;  m=metre; USDA= United States Department of Agriculture 
Table 7.2 The field treatments at the Alipur and Digram sites.  
Crops Soil management Residue management 
Mustard   Conventional tillage (CT) 
 Strip tillage (SP) 
 Low residue retention (LR) 
 Increased residue retention (HR) 
Irrigated rice   Conventional puddling (CT) 
 Non-puddling (NP) followed by SP 
 LR 
 HR 
Monsoon rice   CT 
 NP 
 LR 
 HR 
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The field study covered three crops namely, mustard in the dry winter (rabi season from mid-
October to the mid-March), irrigated pre-monsoon rice (kharif-I stretching from mid-March to the 
end of June) and rainfed monsoon rice (kharif-II stretching from July to mid-October). The 
experiments adopted conventionally puddled (CT) and non-puddling (NP) rice establishment 
practices for rice, both with increased residue return (HR) and low residue return (LR) as 
treatments (Table 2). Having been established in 2010, the long-term experiment has been 
continued for five years with four replicates of each practice in a split plot design (Islam, 2017). 
The low residue retention practices resembled practices followed in the region by farmers and 
increased residue (HR) practice retained 50 % of standing rice residues by height. The HR 
practice for all the previous mustard and lentil crops means return of all residues of the crops to 
the respective sub plots as a mulch. By contrast, LR for mustard and mung bean involved 
complete removal of aboveground biomass. Lentil (Lens culinaris L.), mungbean (Vigna mungo 
L.) and monsoon rice were grown on the field in a sequence for the first three years, whereas 
mustard, irrigated rice and monsoon rice were grown in a sequence in the following three years 
on the same field. Chemicals for crop nutrition and protection were characteristic of the practice 
followed in the locality and were recorded (Table 3). Measurements of GHG emissions (CO2, 
CH4 and N2O) from soil were done with the static chambers similar to the study of Naser (2005) 
and Alam et al. (2016b). The gases were sampled from each subplot with a static close chamber 
during rice seasons. The samplings were repeated after 7 days throughout the growing period of 
each crop (Alam et al., 2016b). The measurement frequency for GHGs was increased to 2 or 3 
days during application of split doses of N. The gas samplings were done at 1, 7, 15, 22, 30, 45, 
60, 75, 90 and 100 days for mustard. 
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Table 7.3 Life Cycle Inventory of farm activities, inputs and outputs for the production of one 
tonne of rice equivalent yield (REY) on the Eastern Gangetic Plain 
Treatments CTLR
a CTHRb NPLRc NPHRd 
a) Seeds and chemicals (kg tonne-1 of rice production or REY 
1. Seeds 7.43 7.00 7.19 6.63 
2. Nitrogen 22.41 20.80 21.72 19.74 
3. Phosphorus 10.11 9.49 9.77 9.00 
4. Potassium 15.39 14.44 14.87 13.73 
5. Sulfur 4.94 4.64 4.78 4.40 
6. Zinc 0.83 0.78 0.80 0.74 
7. Boron 0.39 0.34 0.35 0.32 
8. Fungicides 0.22 0.21 0.21 0.19 
9. Herbicides 0.56 0.52 0.54 0.50 
10. Insecticides 0.38 0.36 0.37 0.34 
b) Transport (km for road + t–nm for sea)1 
1. Urea 65.3 61.3 63.1 58.2 
2. Triple superphosphate 86.33+565.3 81.2+531 83.5+546.8 77+503.5 
3. Muriate of potash 86.33+394.8 81.2+370.3 83.5+382 77+352.1 
4. Gypsum 86.33+394.8 81.2+370.3 83.5+382 77+352.1 
5. Zinc 86.33+394.8 81.2+370.3 83.5+382 77+352.1 
6. Boric acid 86.33+275.3 81.2+259.2 83.5+266.6 77+245.8 
7. Insecticides 68.9 64.7 66.6 61.4 
8. Fungicides 63.6 60.3 63.6 60.3 
9. Herbicides 86.3+179.7 81.2+168.5 83.5+173.8 77+160.2 
c) Farm machinery (US$ tonne-1 of REY production) 
1. Power tiller/VMP 0.104 0.103 0.048 0.048 
2. Harvester 0.047 0.039 0.045 0.038 
3. Irrigation pump 1.92 1.81 1.87 1.72 
d) Farm machinery transport (km for road + t–nm for sea) 
1. Harvester 86.3+275.3 81.2+259.2 83.5+266.7 77+245.7 
2. Power tiller 86.3+275.3 81.2+259.3 0 0 
3. VMP 0 0 83.5+266.6 77+245.8 
4. Irrigation pump 57.6+183.6 54.1+172.9 55.7+177.7 51.3+163.9 
d) On–farm (litre tonne-1 of REY production) 
1. Rotary tiller/versatile 
Multicrop Planter (VMP) 
2.48 2.39 0.99 0.95 
2. Harvester 28.68 29.35 27.52 28.52 
3. Irrigation pump 23.22 23.37 20.98 20.70 
REY (t ha-1) 18.16 19.33 18.78 20.38 
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1t–nm=tonne–nautical mile; apuddled transplanting with low residue retention (CTLR); bpuddled 
transplanting with high residue retention (CTHR); cnon-puddled transplanting with low residue 
retention (NPLR) and dnon-puddled transplanting with high residue retention (NPHR). 
 
7.2.2 Soil sampling method and soil C sequestration estimation 
The carbon sequestered in soils due to the continual application of the above treatments was 
included in the carbon accounting. Soils at 0-30 cm depth from each treatment were collected, 
assessed for bulk density and analysed for SOC content. In this study, C sequestration estimation 
at 0-30 cm depth only used data from crop 15 to crop 18 to represent recent trends because the 
rate of SOC accumulation during the initial years of CA establishment and after three years may 
not be the same. Soil C accumulation at 0-30 cm depth was calculated from the increase in SOC 
after 15 crops. The organic carbon content measured by wet oxidation method was used to 
calculated total organic carbon (TOC) content (Alam et al., 2016b; Alam et al., 2018; Ellert and 
Bettany, 1995). The increments in TOC were then divided by the number of crops to approximate 
the C accumulated over a single crop growing season as well as over the cropping system.  
 
7.2.3 GHGs measurement and gas flux calculations 
A detailed description of gas sample collection for measuring CO2, CH4 and N2O emissions under 
irrigated rice is reported in Alam et al. (2016b). The following variations were used for monsoon 
rice (Alam et al., 2018). For measuring CH4 and N2O, 5 mm thick transparent chambers 
constructed with acrylic material sheets (plexiglas) were replicated thrice with the dimension of 
60 cm length × 30 cm width × 100 cm height. The measurement of soil CO2 efflux as a product 
of soil respiration were done with the chamber of dimensions 30 cm length × 30 cm width × 60 
cm height made with acrylic materials (3 mm thick sheets) (Hutchinson and Livingston, 1993).  
For soil respiration measurement in soil under mustard crop, circular chambers with the 
dimension 100 cm height × 20 cm diameter were established in each plot (triplicated). Vials 
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containing 35 mL of 0.5 M NaOH were used for evolved CO2 entrapment. The replacement of 
vials was repeated at interval of 2-3 days up to 15 days after placement of chambers. With the 
decrease of evolution of CO2 evolution decreased, the frequency of replacement of vials was 
reduced to an interval of 5-7 days. In addition, the amount and concentration of NaOH were 
reduced to 30 mL of 0.25 M. The CO2 entrapped with NaOH was measured according to 
Anderson (1982) method (10 % w/v BaCl2). According to Alam et al. (2018), CO2 in the control 
treatment entrapped and measured similarly with 35 ml of 0.5 M NaOH solution in a chamber 
without soil was subtracted from CO2 released from soils of each practice (treatment). For 
mustard crops, N2O emission induced by N fertilizer (organic or synthetic) was estimated 
following the IPCC (2006) recommendation, i.e. 0.01 t N2O–N t
−1 fertiliser-N or N in organic 
amendment (or any source) for dry cropland. 
The calculation of gas flux over the crop growing season was done in line with Yagi et al. (1991). 
It was assumed that GHG emissions fluctuated linearly during the period between gas sampling 
times. Consequently, the total GHG fluxes over the growing seasons were summed from the 
average gas emissions as done by Alam et al. (2016b). 
 
7.2.4 LCA GHG emissions of an irrigated rice-monsoon rice-mustard triple crop rotation  
The LCA approach, a focused one, was used to estimate GWP with the inclusion of GHG 
emissions only (Alam et al., 2016b).  Also called a streamlined LCA analysis, the study took into 
account GHGs emanating from cradle–to–farm gate stages of each crop of the cropping system 
(ISO, 2006). According to ISO 14040–44, the four steps of the streamlined LCA approach, 
namely defining goal and scoping, preparing life cycle inventory (LCI), assessing impact and 
interpreting results, were considered for estimation of the GHG emissions of each crop.  
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7.2.4.1 Goal setting and scope definition 
The emission of GHGs associated with the production of component crops for the rice-based 
cropping system was calculated based on the cropping practices as shown in Table 2 and Figure 
7.1.  
The system boundary for each crop of the cropping system of the study was determined up to 
farm-gate (pre-farm and on-farm stages) (Figure 7.1). The functional unit of the LCA is one tonne 
of rice or rice equivalent yield (REY) of the cropping system. The REY of mustard in the 
cropping system was calculated as follows (Anjeneyul et al., 1982):  
 
                                 Mustard crop yield × Market price of mustard crop 
REY= Rice yield +  
                                                             Market price of rice  
 
A mass balance was used to estimate the inputs and outputs per tonne production of REY within 
the system boundary (up to farmgate), which is known as a life cycle inventory. The GHGs 
associated with the pre-farm activities were estimated by multiplying the emission factors (EF) 
with the amount of inputs required for their production and transportation to the field of the 
current study, while GHGs emanated by on-farm activities are outputs associated with operating 
farm machineries and applying chemicals. The total GHG emission from the production of one 
tonne of REY was calculated by adding emissions from both the stages (pre- and on-farm) of 
each crop.  
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Figure 7.1 System boundaries of a rice–based triple cropping system and input–output relationship adopted in the streamlined life cycle 
assessment (SLCA). Here, VMP-Versatile Multi-crop Planter, CO2-Carbon dioxide, CH4-Methane, N2O-Nitrous oxide. 
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Interface of rice-dominant cropping system and GHG emission 
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7.2.4.2 Life cycle inventory  
A LCI was formed by using the factors related to the production of each tonne of REY (e.g., 
chemicals for crop nutrition and crop protection, machinery) for estimating the GHGs for the 
manufacturing, transport and use of inputs and outputs. Soil emissions (CO2, CH4 and N2O) are 
positive outputs and C-sequestration is a negative output (Table 3) of REY within the system 
boundary of this study. 
7.2.4.2.1 Pre–farm emissions 
Greenhouse gas emissions of activities related to input production and their delivery up to farm 
were estimated. Based on the LCA study conducted for irrigated rice production, indirect 
emissions from manufacturing of farm machinery were calculated by following the database of 
input/output of USA (Suh, 2004) as described by Alam et al. (2016b). The EF of farm machinery 
production (0.15 kg CO2eq US$
-1) was multiplied by the cost of machinery manufacture for each 
functional unit determined according to 1998 US$ value (WB, 2014).  
 
The chemicals used for mustard and rice production following the establishment practices under 
study were recorded per tonne of rice or REY production. These EFs were sourced from Alam et 
al. (2016b) as they represent the general condition in Northwest Bangladesh. The EFs of crop 
nutrients used from Alam et al. (2016b) were for fertilizers (urea, triple superphosphate), crop 
protection insecticides (Malathion™, Sumithion™), fungicides (Amistar™ and Tilt™) and 
herbicides (Refit™ and glyphosate). For the insecticide, Wonder 5WG (Emamectin Benzoate), 
and fungicide, Rovral 50WP (Ipridione), the local EF was determined by multiplying EFs of local 
level production of energy with the embodied energy consumption (RMIT, 2007; DEFRA, 2008) 
of these chemicals. The GHG EFs of urea, superphosphate and pesticide production were sourced 
from the work of Alam et al. (2016b) who considered the EF for electricity generation was 0.64 
kg CO2eq kWh
-1 following UN–FCCC (2017). The source countries of imported inputs were 
collected from Bangladesh Business News (2013) and BBS (2013), while the EFs of the inputs 
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imported to Bangladesh (urea, triple superphosphate, muriate of potash (MoP), gypsum, zinc 
sulphate monohydrate and boric acid) were obtained from Alam et al. (2016b) as their represent 
the overall situation of the study area.  
 
The data of emissions regarding transportation of materials for rice and mustard production were 
sourced from available databases (INFRAS, 2010; WRI and WBCSD, 2013; HBFEA, 2014). The 
modes employed for transportation include the transportation by sea (trans-oceanic bulk cargo 
carrier) and trucks (3–7 tonnes) for road transport. The emission of GHGs for input deliveries 
from factory to crop field are expressed in terms of tonne-kilometres (tkm) travelled by road and 
tonne-nautical miles (t-nm) travelled by sea. The distance between the paddy field and its source 
was multiplied by the weight of input to determine ‘tkm’ (Lal, 2004; Alam et al., 2016b and 
Zhang et al., 2017).  
 
7.2.4.2.2 On–farm emissions 
On-farm greenhouse gas emissions started with land preparation for establishment of each the 
three crops. The emissions further include soil emissions after application of chemicals for crop 
nutrition and protection and intercultural operations and finally fuel use for harvesting.  
 
7.2.4.2.2.1 Farm machinery–In the case of the conventional system, a rotary tiller was used for 
land preparation for the establishment of rice crops following puddling of soil, and a strip planter 
was used to prepare strips for transplanting rice into non-puddled soil and sowing mustard seeds 
(Haque et al., 2016). A harvester of 9 kW was used for harvesting rice. Fuel consumption in 
terms of litres per hectare by the farm machinery was measured during farming operations and 
was dependent on area of land, operating width of machinery (tiller and harvester) and the 
number of machinery passes across the land (Alam et al., 2016b). The EFs of fuel combustion for 
the usage of light machinery (≤500kW) were collected from RMIT (2007), INFRAS (2010) and 
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HBEFA (2014) and these values were used to calculate GHG emissions. The light machineries 
considered for this experiment are commonly used in this EGP region. The fuel use (litres ha-1) 
was based on machinery usage in standard machinery terms of the region (for Versatile multi-
crop planter 1.25, for rotary tiller 3.22 to 3.32 and for harvester 1.82 to 2.11 L t–1).  
 
7.2.4.2.2.2 Soil – The major GHGs (CO2, CH4 and N2O) emitted directly from soil of the 
experimental site were measured as detailed in the GHGs measurement and gas flux calculations 
section above. The emissions of N2O that occur indirectly via volatilization of ammonia and 
leaching of nitrate were excluded from the study owing to lack of data. For this soil, occurrence 
of a hard pan beneath the plough layer (Islam, 2017) restricts leaching loss of N to the deep soil 
layers (Patil and Das, 2013). In addition, there was continuous standing water in the field (Alam 
et al., 2016b and Alam et al., 2019) which lowers the level of nitrate and therefore the risk of 
synthesis of N2O via denitrification (Dobbie and Smith, 2006). 
 
7.2.4.2.3 Impact assessment 
A global warming impact value for the 100-year time horizon was used to estimate the CO2 
equivalent GHG emissions for the production of each functional unit (1 tonne of rice or REY) of 
each crop of the cropping system. The conversion factors used for converting CH4 and N2O to the 
baseline unit, CO2, were 25 and 298 (IPCC, 2013). The total CO2eq emission (kg CO2eq ha
–1) 
was summed for all the studied cropping seasons covering the period of one year, excluding the 
fallow periods between crops. The actual LCA GHGs for production of each unit (one tonne) of 
REY were then calculated by subtracting the sequestered C over the year of study (three seasons) 
from the total LCA GHGs. 
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7.2.5 Formulae adopted to determine the actual C footprint of each crop of the rice-based 
triple cropping production system: 
Actual LCA GHG = Total LCA GHG− SOCSR 
Actual LCA GHG (kg C-eq ha-1) is the emissions of GHG (carbon equivalent) from producing 
crop in a unit of land (ha-1), SOCSR denotes sequestered C from the same unit of land (ha-1) at 0-
30 cm depth by the production of crop (kg ha-1). 
 
7.2.6 Statistical analysis 
The effects of soil disturbance for crop establishment and residue return on the CO2eq emission 
from pre-farm, on-farm and total and actual LCA GHG emissions and sequestered carbon were 
statistically analysed with a two–factor split plot analysis of variance by using SPSS software v21 
(SPSS Inc., Chicago, IL, USA). Least significant difference (LSD) value was adopted in 
comparing means at a 5 % significance level.  
 
7.3 Results  
7.3.1 GHG emission for rice-based triple cropping system under minimum tillage and 
increased residue retention  
Crop establishment practices and residue retention techniques changed LCA GHG emissions of 
the rice-dominant cropping system (CS LCA GHG) comprising irrigated rice, monsoon rice and 
an upland mustard crop in the rotation (p<0.05; Figure 7.2). Irrespective of the crops and growing 
seasons, NP/SPHR emitted the lowest actual CS LCA GHG t-1 of rice (or REY) production, 
followed by NP/SPLR and CTLR, respectively. The performance of NP/SPHR and NP/SPLR 
was more similar when sequestered C over five years of CA cropping was accounted for: these 
practices saved 34.5 % and 50.8 % and 34.4 % and 50.7 % CS LCA GHG compared to CTLR 
and CTHR, respectively. In case of mustard, SPHR practice had 76 %, 69 % and 35 % lower 
actual LCA GHG emissions than LCA GHG recorded under CTLR, CTHR and SPLR practices, 
respectively, whereas, for irrigated rice, the NPHR had 36.8 % and 54.6 % and 4.4 % lower 
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actual LCA GHG than those recorded under CTLR, CTHR and NPLR practices, respectively 
(Figure 7.2. In case of monsoon rice, NPLR saved 31.4 %, 51.9 % and 14.2 % actual LCA GHG 
than those under CTLR, CTHR and NPHR practices, respectively (Figure 7.2) 
 
 
 
Figure 7.2 Actual LCA GHG emissions per season for the production of one tonne of component 
crops (irrigated rice, monsoon rice and mustard: in the case of mustard, rice equivalent yield was 
used) as influenced by crop establishment techniques and residue retention (p<0.05). Actual LCA 
GHGs were calculated by subtracting the CO2eq for soil organic carbon sequestered during the 
rice crop (see Materials and methods for the calculation). Bars with the same letter above them 
for a specific crop are not significantly different at p < 0.05. Comparisons are made among 
emissions converted to CO2eq according to global warming potentials of CO2, CH4 and N2O over 
100-year time horizons. [Legend: CT–Conventional puddled transplanting of rice; NP–Non-
puddled transplanting of rice; LR–Low residue retention level; HR–Increased residue retention 
level] 
 
The LCA GHG emitted by the winter mustard crop (after conversion to REY) under any crop 
establishment practices was lower than LCA GHGs emitted during wetland crops under the same 
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practice. As for example, LCA GHGs of mustard cultivation under SPLR were 71 % and 69 % 
lower than LCA GHGs of monsoon rice and irrigated rice, respectively (Figure 7.2).  
In irrigated rice and mustard grain production, the emissions associated with different crop 
establishment and residue retention practices were not statistically different during the pre-farm 
activities (p > 0.05). In contrast, for monsoon rice, the pre–farm emission in NPHR, CTHR and 
CTLR was similar (p > 0.05) but NPHR had 17 % lower emissions than CTLR (p < 0.05) (Figure 
7.3).  
 
Figure 7.3 Pre-farm life cycle greenhouse gas emissions produced per season for one tonne of 
rice, mustard and cropping system production (the mustard and cropping system as rice 
equivalent yield) as influenced by crop establishment techniques and residue retention (p<0.05). 
For a particular species or the cropping system, bars with the same letter above them are not 
significantly different at p<0.05. Comparisons are made among emissions converted to CO2–eq 
according to global warming potentials of CO2, CH4 and N2O over 100-year time horizons. 
[Legend: CT–Conventional puddled transplanting of rice; NP–Non-puddled transplanting of rice; 
LR–Low residue retention level; HR–Increased residue retention level] 
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Figure 7.4 On-farm life cycle greenhouse gas emissions produced per season for one tonne of 
rice, or rice equivalent yield (REY) for mustard and for the cropping system production as 
influenced by crop establishment techniques and residue retention (p<0.05). Bars with the same 
letter above them are not significantly different at p<0.05. Comparisons are made among 
emissions converted to CO2–eq according to global warming potentials of CO2, CH4 and N2O 
over 100-year time horizons. [Legend: CT–Conventional puddled transplanting of rice; NP–Non-
puddled transplanting of rice; LR–Low residue retention level; HR–Increased residue retention 
level] 
 
Overall, the pre–farm emissions of the CS LCA GHG were very much lower (p< 0.05) than given 
off during the on–farm stage and comprised only 15.1, 11.9, 17.2 and 14.0 % of the CS LCA 
GHG for CTLR, CTHR, NPLR and NPHR, respectively. Pre-farm emissions for mustard 
comprised twice as much as the total on-farm emissions (29.8 % - 43.6 %) as for monsoon rice 
(14-22 %) and four times as much (7.5-11.4 %) as for irrigated rice (Figure 7.3). 
Irrespective of the component crops, NP/SP with LR and HR avoided 11 - 47 % of CS LCA 
GHG emissions relative to CTLR and CTHR, respectively. To be specific, CA crop establishment 
practices with return of minimal residue cut down the on–farm emissions by the highest amount. 
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Hence, SPLR had the lowest emission for the lowest on-farm CH4 emission. Specifically, SPLR 
reduced 51 %, 22 % and 18 % of on-farm emissions relative to CTHR, CTLR and SPHR, 
respectively, while SPHR reduced them by 28 % relative to CTHR and 3 % relative to CTLR. 
The on-farm emissions t-1 of grain production of rice were higher than the on-farm LCA GHG t-1 
of cropping system REY, while the on-farm emission t-1 of REY of mustard production was 
lower than the on-farm LCA GHG t-1 of REY of cropping system (Figure 7.4). Among the crop 
establishment techniques, CTHR led the total CS LCA GHG emissions from 1 tonne of REY 
production (Figure 7.5). However, NPLR categorically reduced CH4 and thereby on–farm 
emissions. In both cases of rice production, total LCA GHG emissions per tonne of rice 
production in NPHR exceeded NPLR even though NPHR outperformed NPLR in terms of yield. 
This is mainly because the greater CH4 emissions in NPHR outbalance the yield benefits of the 
practice of increased residue retention. In a similar way, GHG emission for mustard cultivation 
showed that SPLR was the lowest contributor of GHG to the LCA GHG (28 % and 11 % lower 
than CTHR and CTLR, respectively) for the production of a unit of REY of mustard (p < 0.05), 
followed by SPHR (Figure 7.5).  
 
7.3.2 GHG emissions within the LCA system boundary 
7.3.2.1 Emission at pre–farm stage: On average, the pre-farm emissions tonne-1 REY of the rice-
based cropping system were 0.161, 0.152, 0.156 and 0.143 tonne of CO2eq for CTLR, CTHR, 
SPLR and SPHR, respectively (p<0.05). In contrast, for mustard crop cultivation, the LCA GHG 
emissions associated with pre-farm logistics were 0.114, 0.104, 0.107 and 0.098 tonnes t-1 REY 
under CTLR, CTHR, SPLR and SPHR, respectively (p>0.05). Considering the cropping system 
LCA GHG, monsoon rice, irrigated rice and mustard contributed 49 %, 28 % and 23 %, 
respectively, of the pre-farm stage emissions. The relative contributions of treatments up to pre-
farm stage were similar for monsoon rice, irrigated rice and mustard (Figure 7.3). 
 
 208 
 
The NPHR had 17 %, 11 %, 9 % lower pre-farm emissions than CTLR, CTHR and NPHR, 
respectively (Figure 7.3). In case of monsoon rice production, the pesticide and fertilizer 
manufacturing accounted for 13 %, 10 %, 15 % and 11 % to the CO2eq emissions of total GHG 
during the pre–farm stage for CTLR, CTHR, NPLR and NPHR, respectively. The production of 
inputs contributed 13 % in CTLR, 11 % in CTHR, 15 % in NPLR and 12 % in NPHR to the 
actual LCA GHG emissions within the pre–farm boundary (Figure 7.3). Again, for irrigated rice 
production, the pesticide and fertilizer manufacturing alone contributed 8 % in NPLR, 6 % in 
NPHR, 6 % in CTHR and 6 % in CTLR to the CO2eq emissions of total GHG. On the whole, 
among the different activities, the manufacture and transport of inputs to paddock contributed the 
major shares, respectively. And among the different inputs, fertilizer provision up to paddock 
comprised the highest portion of the pre-farm emissions (Figure 7.3). 
 
7.3.2.2 On–farm stage: Overall, on-farm processes of the rice–based cropping system comprised 
83–88 % of the CS LCA GHG, having the lowest portion with NPLR and the biggest portion 
with CTHR (Figure 7.4). Monsoon rice, irrigated rice and mustard crop growing under CT with 
LR and HR contributed 46 %, 44 % and 10 %, respectively, of the CS LCA on-farm GHG, while 
the crops growing under SPLR and SPHR contributed 45, 44 and 11 % and 49, 40 and 11 %, 
respectively. 
The greenhouse gas emissions from biogenic sources and farm machinery use ranged from 89 at 
NPLR to 93 % at CTHR and 78 at NPLR to 86 % at CTHR of GHG emissions during irrigated 
and monsoon rice production, respectively, while the emissions from RE mustard yield at on-
farm stage were 70 % at CTLR to 77 % at CTHR. The GHGs emitted by CTLR practice were not 
different from NPHR/ SPHR (p > 0.05) for mustard and monsoon rice, in spite of keeping 
increased residue in the field (Figure 7.4). Conventional puddling with HR comprised the highest 
emissions during on-farm stage of irrigated rice production (Figure 7.4). In contrast, the 
SP/NPLR was most effective in saving GHG emissions compared to other tillage and residue 
retention combinations.  
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7.3.3 Overall GHG emissions 
For the production of 1 tonne of irrigated rice, monsoon rice and mustard after accounting for soil 
sequestered C, actual LCA GHG emissions followed the sequence of NPLR/SPLR < 
NPHR/SPHR < CTLR < CTHR practices. Production of 1 tonne of REY of the rice–based system 
caused 0.72, 0.72, 0.97 and 1.09 tonne of actual CO2–eq LCA GHG emission, while the total 
LCA GHGs for production of 1 tonne of REY were 0.9, 1.07, 1.11 and 1.3 t CO2eq in SPLR, 
SPHR, CTLR and CTHR, respectively (Figures 7.2 & 7.5).  
 
 
Figure 7.5 Average total and actual life cycle greenhouse gas (LCA GHG) emitted for the 
production of one tonne of rice or rice equivalent yield in the rice-dominant cropping system 
(irrigated rice, monsoon rice and mustard) as influenced by crop establishment techniques and 
residue retention. Comparisons are made among emissions converted to CO2–eq according to 
global warming potentials of CO2, CH4 and N2O over 100-year time horizons. [Legend: CT–
Conventional puddled transplanting of rice; NP–Non-puddled transplanting of rice; LR–Low 
residue retention level; HR–Increased residue retention level] 
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Figure 7.6 Relative contributions of component crops (%) to actual cropping system life cycle 
greenhouse gas emission. [Legend: CT–Conventional puddled transplanting of rice; NP–Non-
puddled transplanting of rice; LR–Low residue retention level; HR–Increased residue retention 
level] 
 
7.3.4 Contributions of component crops to the CS LCA GHG 
Relative contributions of component crops to the LCA GHG of the rice-based cropping system 
varied due to different crop establishment and residue retention practices. Irrespective of crop 
establishment practices, the monsoon rice contributed the highest portion of the actual CS LCA 
GHG, followed by irrigated rice. For actual CS LCA GHG, monsoon rice accounted for 47.7-55.1 
% of the estimated for rice-based cropping system of which the lowest portion was contributed by 
SPLR and the highest portion was by CTHR. The relative contribution of the irrigated rice was 
41.4-43.7 % of the actual CS LCA GHG, while REY of mustard contributed 3.5-9.7 % of the 
actual CS LCA GHG. For mustard, SPHR contributed the lowest CS LCA GHG and CTLR the 
highest GHG (Figure 7.6). 
 
 211 
 
 
Figure 7.7 Greenhouse gas emissions (GHG) (%) based on life cycle assessment GHG 
contributed by different activities under different crop establishment and residue retention 
practices. [Legend: CT–Conventional puddled transplanting of rice; NP–Non-puddled 
transplanting of rice; LR–Low residue retention level; HR–Increased residue retention level] 
 
7.3.5 Hotspots of the CS LCA GHG  
The CH4 emitted from both irrigated and monsoon seasons was the largest share of CO2eq 
emissions by each practice, contributing 40.9 to 44.4 % to the total CS LCA GHG. The CO2 
emission from soil during the period of crop growth contributed 24.1 to 28.6 % LCA GHG 
emission in monsoon rice. The relative contribution of production of inputs comprised 10.6 to 
14.9 % of the total CS LCA GHG, followed by the emission by farm machinery use (6.8 to 8.2 
%). The N2O emissions made up only 5.8 to 7.2 % of the total LCA GHGs (Figure 7.7). 
Transport of inputs contributed the lowest portion to the total CS LCA GHG (3.8 to 5 % of the 
total emissions) (Figure 7.7).  
 
By contrast with rice crops, the CO2 emissions from upland mustard soil comprised the major 
portion (41 at SPLR to 66 % at CTHR) of LCA GHG recorded under the four scenarios, while 
production of inputs (17.5–20.4 %) and N2O emission from soil (14–15.7 %) were also important 
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sources (Figure 7). Farm machinery use and transport of inputs accounted for 6.5–8.3 % and 7.2–
8.3 %, respectively, of the total emissions from upland mustard soil (Figure 7.7). 
 
7.4 Discussion 
7.4.1 GHG emissions of a rice-based intensive triple cropping system (CS LCA GHG) 
Actual LCA GHG emissions for the rice-dominant cropping system were suppressed by 
minimum soil disturbance regardless of residue retention level. By contrast, minimum soil 
disturbance (SP or NP) with LR had the lowest total life cycle greenhouse gas (LCA GHGs) 
emissions for the rice-dominant cropping system (for one tonne of rice equivalent yield of the 
system) (Figure 7.5). Hence, for the cropping systems, as for a single crop (Alam et al. 2018), 
actual LCA GHG emissions need to be calculated because total LCA GHG can give misleading 
conclusions about the overall carbon footprint as well as the impact of specific soil management 
approaches. Adopting less disturbance of soil for establishment of all three crops allowed up to 
65 % greater SOC accumulation over five years of CA (Alam et al., 2018). The effect of the soil 
management technologies on SOC accumulation take several years to become manifest hence 
LCA GHG for the cropping system is best calculated after the impacts of soil and crop 
management technologies have reached an equilibrium with the new level of SOC.  
The CA practices caused less CH4 emission under submerged rice soils and lower N2O emission 
(Alam et al., 2016b) during both rice and mustard seasons. The decreased soil disturbance may 
maintain lower soil microbial activities under upland mustard soil condition that limits soil 
microbial respiration (CO2) and N2O emissions. The decreased soil disturbance and non-puddled 
paddy field preparation for rice seedling establishment keeps redox potential higher under NP 
relative to puddling of soils following several tillage practices, which helps to reduce CH4 
emissions from rice growing soils (Alam et al., 2016b; Alam et al., 2018). Lower standing water 
depth (Figure 6.2) was also found under soils of non-puddled transplanting of rice (Alam et al., 
2019). The Eh values ranged from around –200 mV to 300 mV at CT with LR and HR, while NP 
with LR and HR had a range of Eh values from –150 mV to –250 mV in soils under submerged 
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condition (Alam et al., 2016b and Alam et al., 2019). The higher Eh values under CT with LR 
and HR might decrease CH4 production by bacteria or increase CH4 oxidation, resulting in 
diminished emission of CH4 from submerged soil-rice arenchyma system (le Mer and Roger, 
2001). Apart from these, the input requirements for all crops grown in the study under NP/SPLR 
and NP/SPHR were also lower relative to conventional practices. Soil temperatures are also 
generally lower under HR (Alam et al., 2018). Collectively, these reasons probably explain 
reduced emissions of LCA GHGs from the rice-based cropping system under CA practices. On 
the other hand, the higher total and actual LCA GHGs under CTHR and CTLR practices can be 
attributed to heavy disturbance of soils by tillage (6 or more times per year) followed by puddling 
of soil (two times per year) which exacerbates the anaerobic conditions and resulted in a lower 
redox potential of soil (Alam et al., 2016b). The anaerobic, saturated rice soil conditions created 
very rapidly after submergence (within hours) (Adhya et al., 2000; Bodelier, 2003) favour the 
increase of methanogenic bacteria populations and production of the by–product CH4 through the 
anaerobic microbial respiration. The increased residue incorporation under CT of soils facilitates 
supply of substrate to methanogens and also stimulates the organisms to grow luxuriantly. Neue 
(1993) and Minamikawa et al. (2006) also reported that the application of carbon-rich straw helps 
methanogens survive and lowers redox potential in soils.  
The sequestration of C was more in soils under SPHR over five years of CA cropping than other 
treatments (Alam et al., 2018). The increase in SOC can be attributed to: retention of residues as 
cover after each crop as well as the increase in C addition to the soil due to increase in biomass 
yield; minimal disturbance of SOM and plant root biomass; decreased CO2 emissions and; the 
diversity of crops grown each producing different qualities of residues (Baldock, 2007; Alam et 
al. 2016b). Hence, the lower methane emissions coupled with C sequestered in soils are primary 
reasons for the lower CS LCA GHGs (both total and actual) for 1 tonne of REY under NP/SPLR 
and NP/SPHR practices (Figure 7.2, 7.4, 7.5 and 7.7).  
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7.4.2 Contributions of component crops to the CS LCA GHG 
Though rice crops comprised the major part of pre-farm emissions of CS LCA GHG, the 
emissions at the pre-farm stage of production for crops of the rice-dominant cropping system 
were significantly lower than similar LCA studies involving single crops of rice (Wang et al., 
2010; Thanawong et al., 2014; Alam et al., 2016b; Yadav et al., 2018). However, estimation of 
GHG emissions through the LCA approach in a rice-upland cropping system has not been 
reported until now. The present study grew high yielding varieties with low rates of fertilisers 
(because of the adequate soil nutrient status) and used very minimum levels of fungicides, 
insecticides and herbicides (as crop species apart from monsoon rice were changed every 2-3 
years to break disease and weed cycles) which collectively explain the low pre-farm LCA GHG 
emissions. More importantly, use of low GHG emitting raw material (feed–stock) (i.e. natural 
gas) for producing urea fertiliser and generating electricity and light vehicle use for input 
transport to crop fields in the experimental region (Alipur, EGP) are behind the low pre-farm CS 
LCA GHG emissions (Alam et al., 2016b; Alam et al., 2019). In addition, the improvement of 
soil fertility status due to adopting crop rotation and practicing CA over five years created co-
benefits in terms of yield increase and SOM increase (Hokazono and Hayashi, 2015; Alam et al., 
2018).  
 
The relatively lower contribution of mustard (after conversion to REY) relative to rice crops can 
be attributed to lower input requirements especially N which minimises the N2O emissions 
(Figure 7.5). Methane, the major GHG emitted during rice cultivation under wetland condition 
was absent under upland mustard condition. Among the component crops, the mustard crop 
requires only supplemental irrigation twice in a season as the variety selected for the study was a 
very short-duration crop (mustard, cv. BARI mustard-14) (Azad et al., 2017).  
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The higher relative contribution of monsoon rice (49 % at monsoon rice vs 28 and 23 % at 
irrigated rice and mustard, respectively) to CS LCA GHG can be attributed to its low yield. In the 
present study, yields of irrigated rice ranged from 6.2 in CTLR to 6.7 t ha-1 in NPHR, whereas, in 
monsoon season, the yield ranged from 4.6 in CTLR to 5.3 t ha-1 in NPHR (Table 7.3; Alam et 
al., 2018). On the other hand, the REY of mustard ranged from 7.32 in CTLR to 8.42 t ha-1 in 
NPHR (Table 7.3). The production of REY of mustard used very low amounts of inputs but had 
high REY when compared with monsoon rice the production of which needed more carbon 
intensive inputs for lower yields. Furthermore, the LCA GHG in the pre-farm stage in mustard 
cultivation was 45-48 % lower than pre-farm emission of monsoon rice production per tonne. 
Brodt et al. (2014) reported rice grain yield of 9.3 Mt ha-1, whereas Wang et al. (2010) reported 
rice yield (8.8 Mt ha−1), but the pre-farm emission was lower in the former case because the latter 
case was input–intensive and used more than double the inputs. Fusi et al. (2014) also reported 
that input (mostly fertilisers), distribution and input usage t-1 harvest amounted to 30–40 % of the 
LCA GHG. In studies of sunflower and rapeseed oil production, Badey et al. (2013) found pre-
farm emission shared more than 50 % of the emission up to seed production. In the current study, 
the pre-farm emissions for inputs of rice crop production in both irrigated and monsoon season 
were similar to studies of Badey et al. (2013), Xu et al. (2013) and Blengini and Busto (2009). 
But the pre-farm emissions for rice production in the current study are higher than the study of 
Thanawong et al. (2014) and Wang et al. (2010). The economically valuable crop mustard in the 
rice-based system comprised only 4-11 % of actual CS LCA GHG. The mustard crop contributed 
only 23 % to the pre-farm emissions per tonne of REY production which reduced the CS LCA 
GHG to a great extent (Figure 7.5). From studies conducted on grain crops under upland 
conditions, Nemecek et al. (2015) and Gan et al. (2011) found that growing diversified crops in 
rotations can assist in reducing the C footprint. The component crops in the rotation determine 
not only the crop and environmental performances, but also inputs of fertilizer (especially N), 
provision of mechanisation and use of other chemicals (Crozat and Fustec, 2004; Deike et al., 
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2008). Nemecek et al. (2015) also found that diverse crops in the cropping systems with reduced 
chemicals use (fertilizer, pesticide etc.) are promising means to curb the environmental impacts of 
intensive arable cropping systems. Lemke et al. (2007) suggested that inclusion of pulses in 
cereals-based cropping systems in the Northern Great Plains (NGP) region influenced the balance 
of systems’ net GHG as the multi-crop systems required variable pesticides and fertilizers and 
had residues of varied quality and quantity compared with cereals only cropping systems. On the 
other hand, Burton et al. (2008) found that increased fertilizer N application as required for potato 
and single time of application commonly increases N2O emissions (Ruser et al., 2001; Zebarth et 
al., 2008) and, that, N2O production increases non-linearly with increased N fertilizer (McSwiney 
and Robertson, 2005).  
Alam et al. (2016b) found that LCA GHG generated by consumed fuel during land preparation 
and irrigation and harvesting irrigated rice made up 14 to 19 % of the on-farm stage LCA GHG. 
That irrigation application to rice crop shared major part of energy required for on-farm activities 
is confirmed by other studies of Islam et al. (2013) and Khan et al. (2009). On the contrary, the 
monsoon rice in the present study did not require any irrigation application and saved those LCA 
GHGs. Selecting suitable crops and growing them in rotation can have favourable effects on 
GHG emissions (Dukes, 2003).  
The present study contrasted with the study by Thanawong et al. (2014) who recorded increased 
on-farm GHG emission from soils of irrigated rice, relative to rain-fed rice. They attributed this 
increase in on-farm emissions to augmented synthesis and release of CH4 from continuous 
submergence of soil under irrigated rice (the CH4 synthesised and emitted in irrigated rice soil 
was twice the amount of CH4 emitted from rain-fed rice soil). The continuous ponding of water in 
the irrigated rice field might have created more reduced soils and thereby caused increased CH4 
emission. Irrigation system installation and irrigating crops also accounted for additional 
emissions to the total emissions. 
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7.4.3 Identification of hotspots 
In the rice-upland rotation, on–farm CH4 emissions contributed the highest overall emissions, 
followed by CO2 emissions from soils due to soil total respiration (CO2 emission), input 
manufacturing and delivery, the emission by farm machinery use and N2O emissions from fields 
(Figure 7.7). By contrast, N2O dominated GHGs recorded in C footprint studies of upland 
(arable) crops (Grant and Beer, 2008; Weller et al., 2014; Gan et al. 2012b; Eshun et al., 2013). 
Episodes of alternative aerobic and anaerobic (waterlogging) conditions increase N2O emission 
(Flessa and Beese, 1995), while CH4 becomes oxidised by microbes under aerobic condition of 
soil, resulting in negative emission of CH4 (Gilbert and Frenzel, 1998; Ettwig et al., 2010). Zhang 
et al. (2017) surveyed the C footprints of maize, wheat and rice across China and concluded that 
the use of N containing fertilisers, straw burning, energy in farm machinery use and irrigation, 
and CH4 emanating from wetland rice soils are the factors contributing C-eq: their shares range 
from 8 to 49 %, 0 to 70 %, 6 to 40 %, 0 to 44 % and 15 to 73 %, respectively. Alam et al. (2016b) 
in their LCA of irrigated rice in the EGP–Bangladesh and Blengini and Busto (2009) in C 
footprint of rice production through LCA approach in Italy identified similar hotspots for the 
production of rice crops (CH4 emissions from anaerobic soil, emissions from fuel use for 
machinery operation, and provisions of fertilisers). A hotspot from CO2 emissions from soils 
under mustard can be attributed to soil respiration in the present study from mustard production 
during the cool-dry season. As the soil had improved nutrient status, input requirements related to 
fertilizers were minimal. Hence, CO2 emission was the main emitter of LCA GHGs for mustard. 
In a study of monsoon rice LCA (Alam et al., 2019), CH4 emission from on-farm stage 
production comprised the majority of the LCA GHGs.  
Globally, the IPCC (2013) attributed 55 % of agriculture generated global CH4 flux to wetland 
rice. Alam et al. (2016b), Bacenetti et al. (2015), Harada et al. (2007) and Pathak et al. (2005) 
estimated contributions of CH4 to the LCA GHGs of rice crop to be the principal hotspot as the 
GHG made up around 60 % of total rice LCA GHG. Similarly, Fumoto et al. (2008), Hokazono 
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and Hayashi (2012) and Hatcho et al. (2012) assessed rice in waterlogged soil in Japan concluded 
that CH4 was the main contributor to LCA GHG. A LCA GHG of rice in France also tabulated 
CH4 as the topmost contributor to global warming potential (Drocourt et al., 2012). Though the 
share of biogenic CH4 from production of rice under wetland condition in Italy (Milano, Pavia, 
Vercelli and Novara areas) represented only 40 % of the LCA GHG, the CH4 attributed to organic 
matter decomposition was the highest contributor to GWP (Fusi et al., 2014). The present study 
identified CH4 as the major hotspot for GHG emissions both in rice crops and in the cropping 
system, but showed that the minimum soil disturbance practice, including non-puddled 
transplanting, was effective in decreasing methane emission although this gain was offset to some 
extent by the higher residue retention. This suggests that CA practices have the potential to 
decrease the C footprint of cropping systems based on wetland rice. There may be further 
opportunities to modify N fertilising tactics and increase N use efficiency to reduce the net 
emissions and C footprint of wetland rice crops by almost one-third to half in CA production 
technologies for rice-based cropping. 
 
7.4.4 Overall emissions of GHG  
After accounting for sequestrated C in soil, actual LCA GHGs produced t-1 of REY by the 
cropping system amounted to 0.73, 0.74, 0.98 and 1.12 tonne for CTLR, CTHR, SPLR and 
SPHR, respectively. By contrast, in China, GHGs produced were 5.9 t CO2eq t
-1 rice versus 1.76 t 
CO2eq t
-1 maize and 2.75 t CO2eq t
-1 wheat (Zhang et al., 2017). The footprints in the current 
study for production of upland mustard or wetland rice either by irrigation or by monsoon rain are 
lower than footprints found in China (Zhang et al., 2017). Hokazono and others (2009) on 
puddled rice soil in Japan found LCA GHG emissions within the cradle to farm-gate boundary 
were 1.62 t CO2eq in organic farming, 1.34 t CO2eq in sustainable farming and 1.51 t CO2eq in 
conventional farming t–1 production of rice, respectively.  The LCA GHG estimated by Farag et 
al. (2013) from cradle to farm-gate boundary was 1.9 t CO2eq t
–1 rice, while the puddled 
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transplanted rice accounted for 2.21 t LCA GHG (CO2eq t
–1 rice) within the system boundary up 
to farm-gate boundary (Ryu et al., 2013). Hokazono and Hayashi (2015) found that growing non 
rice crops or legume crops (capable of N fixation) requiring less inputs in place of continuous rice 
tended to be efficient in mitigating LCA GHGs.  
 
In addition to the emissions recorded for the cultivation of mustard, irrigated rice and monsoon 
rice in rotation in the EGP during their growing cycle, the fallow periods during the transition 
from upland crops to wetland rice and from wetland crops to upland winter crops might cause 
additional emissions of GHGs (CH4, CO2 and N2O).  Sander et al. (2018) found during drying of 
soils, that emission of N2O started with the accumulation of NO3-N. On the other hand, when 
NO3-N started disappearing during flooding of soils during land preparation, NH4-N started 
accumulating with the mineralised N. However, among the GHGs, N2O is emitted through 
nitrification and denitrification processes during the periods of transition (Sander et al., 2018). 
The emissions of CH4 and CO2 occur throughout the growing season and in the periods of fallow 
between crops.  Hence the present results can be extended to LCA studies that include emissions 
during the fallow periods between crops (Martínez-Eixarch et al., 2018). 
7.4.5 Trade-off among different impacts 
 
The LCA conducted was a single impact, focused LCA used only for investigating the emissions 
that are responsible for global warming impact (Finkbeiner et al., 2011; Barton et al., 2014). The 
trade-off among different impacts, as for example, GHG emission, acidification and 
eutrophication etc. is nullified; rather there are synergistic relation among carbon footprint and 
other impacts. However, the carbon footprint cannot involve a worsening of other impacts as the 
present study assessed carbon footprint of the existing crop production system and holistic 
method of conservation agriculture cropping which conserves natural resources and provides eco-
system services. Alam et al. (2018) and the N cycling chapter (Chapter 4) studied C and N 
cycling under the conservation and conventional practices which showed that the proposed crop 
establishment practices shows C and N storage, higher N recovery, low N requirement and 
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simultaneously higher yield. In addition, Haque et al. (2016), Islam (2017) and Salahin (2017) 
showed the novel non-puddling crop establishment practice for rice and strip planting for upland 
crops performs well in saving fuel, energy, improving soil health, increasing economic return and 
simultaneously increasing yield of crops. 
7.5 Conclusions 
The minimum soil disturbance crop establishment practice for upland crop (SP) and for irrigated 
and monsoon rice (NP) with current or increased residue inputs offer significant life cycle GHG 
savings of component crop production of the rice dominant cropping system relative to 
conventional establishment methods in the EGP. Increased soil carbon sequestration and the 
reduced GHG emission by following minimum disturbance of soil, residue return management 
and crop rotation, the key principles of CA, collectively reduced life cycle GHG of the cropping 
system compared to conventional tillage. For actual LCA GHGs, strip planting/non-puddled 
transplanting with minimal or high residue return was equally efficient choice of GWP 
mitigation. The CTLR and CTHR accounted for 0.73 and 0.74 tonne actual LCA GHGs for one 
tonne REY of the rice-dominant cropping system. The savings with the best mitigation practice 
(NP/SPLR and NP/SPHR) for actual LCA GHGs were 0.37 and 0.25 t emissions t-1 of rice 
production relative to CTHR and CTLR, respectively. 
The on–farm stage of the rice-based cropping system contributed 83 (SPLR)–88% (CTHR) of the 
CS LCA GHG, while monsoon rice contributed 78 % (NPLR) to 86 % (CTHR) of the LCA GHG 
emissions and the emissions from RE mustard yield at on-farm stage were 70 % (CTLR) to 77 % 
at CTHR of the total. These on-farm emissions were due predominantly to emission of 
greenhouse gases from cropped soil and to emissions from fuel use for usage of machineries. 
Regardless of crop establishment practices and residue return, CH4 was the dominant GHG 
emitted t-1 of irrigated and monsoon rice production in the EGP due to soil submergence 
(anaerobic) maintained for rice crop production, while for mustard, CO2eq emission from on-
farm stage was the predominant GHG. Carbon dioxide emission from soil, emissions associated 
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with fuel use for on-farm machineries as well as production of inputs were significant 
contributors to LCA GHGs of monsoon rice production, irrigated rice production and REY of 
mustard, respectively. Total LCA GHG emissions overestimate the C footprint in the long term 
when significant soil organic C differences emerge among cropping and soil management 
practices: actual LCA GHG which account for changes in soil sequestered C should be 
determined in these cases. Further modifications of the management practices for component 
crops of the intensive triple-crop system that lead to yield increase or decreased inputs could 
further improve the actual LCA GHG performances of the CA practice.  
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Chapter 8 General Discussion 
The findings of this thesis are based on the effects of minimum disturbance of soil and increased 
residue retention at two long-term studies (since 2010) involving two rice-based triple cropping 
systems at Alipur and Digram of Rajshahi Division (in two contrasting agro-ecological zones in 
the Barind area), Bangladesh in the Eastern Gangetic Plain (EGP comprises Eastern India and 
Bangladesh). Of the two systems, one was a rice-dominated system (mustard-irrigated rice-
monsoon rice) and the other a rice-anchored system (wheat-jute/mungbean-monsoon rice) during 
the study of this thesis. The upland crops in the rotations (wheat, jute and mustard) were 
established by strip planting (SP) and bed planting (BP), or following 3-4 tillage operations by 2-
wheel tractor then hand-broadcast seeding and fertilizing (CT). In case of irrigated and rain-fed 
rice, non-puddled (NP) transplanting was adopted in SP and BP of upland crops; while soil 
puddling was used for CT. The rice crop is the limiting crop for fitting CA in rice-based intensive 
cropping systems, so, there was a research gap in terms of global warming potential (GWP) 
mitigation potential of the recently developed practice of non-puddled transplanting and increased 
retention of residues of different crops in these systems relative to conventionally transplanted 
rice in puddled fields, followed by aerobic crops after intensive tillage and residue removal.  
Conservation agriculture in intensive rice-based cropping systems has recently been introduced in 
Bangladesh and performs well on yield, soil health, economic return (Haque et al., 2016; Alam et 
al., 2016b; Salahin, 2017; Islam, 2017) but its effects on the C footprint of the CA cropping 
(NP/SP and residue retention) and its potential to decrease greenhouse gas (GHG) emissions 
relative to the existing cultivation techniques has not been examined. At Alipur, carbon (C) 
footprints of component crops and of the rice-upland triple cropping system practiced in the EGP 
were estimated by using a life cycle assessment (LCA) approach. The effects of soil disturbance 
and residue retention practices on C and N cycling in soils under the cropping systems were also 
studied at both the Alipur and Digram locations. Due in large part to the accumulation of SOC 
(3.8 - 4.2 t CO2eq ha
-1) in SP/NP at 0-10 cm soil depth after 5 years in comparison with CT, the 
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life cycle GHG savings with the best mitigation practice (SP/NP with minimal residue) for 1 
tonne of rice-equivalent yield were 46 % relative to CT with low residue retention.  
In this chapter, the implications of the results reported in previous chapters are synthesised and 
then discussed in a broader context, while the emerging conclusions that can be derived from the 
studies are also identified. 
 
8.1 Estimation of the GHG impacts of cropping systems 
In the present thesis, GHG emissions from a rice-based triple cropping system were calculated (in 
carbon dioxide equivalents; CO2eq) for four farming practices in the EGP (Durgapur, Rajshahi; 
North-West Bangladesh). The streamlined life cycle assessment (LCA) approach was adopted to 
quantify LCA GHG of (a) conventional crop establishment practices with low residue retention 
(CTLR) or (b) with high residue retention (CTHR); (c) novel crop establishment practices (strip 
planting for upland crop and non-puddled transplanting following strip tillage for wetland crops) 
with low residue retention (SP/NPLR) or; (d) with high residue retention (SP/NPHR). The 
streamlined LCA approach, covering cradle-to-farm gate greenhouse gas emissions, comprises 
four steps: goal setting and scope definition, life cycle inventory, impact assessment, and 
interpretation (ISO 14040-44, 2006).  
Pre-farm GHG emissions include all activities for producing farm inputs (chemicals, energy and 
machinery) and the emissions from the transportation of inputs to the crop field. The GHG 
emissions from pre–farm stage involve the multiplication of the amount of inputs with their 
corresponding emission factors to determine the GHG emissions associated with the production 
and transportation of these inputs to a paddy field. The GHG emissions from the production of 
chemicals were calculated so that the emission factors reflect the situation in Northwest 
Bangladesh. For the inputs having emission factors not calculated yet, EFs were developed with 
the combination of generic and local data. The EFs of inputs imported and used in Bangladesh 
agriculture were sourced by their origin with the calculated EF for their transportation to field of 
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the experiment. The EFs of machinery used in the experiment were calculated according to Suh 
(2004). The calculation of EF for the versatile transport modes including shipping and trucks (3–7 
tonnes) used the LCA database of INFRAS, (2010), Kitzes (2013), HBEFA (2014), and WRI and 
WBCSD, (2013). The GHG emissions during the farm machinery operations were calculated by 
applying the emission factor of fuel for light machinery use (Alam et al., 2016b). Indeed, the 
present study highlights the importance of regional factors such as the light machinery use and 
gas generation of electricity, both of which are relevant to Bangladesh and the EGP, and 
distinguish the LCA GHG for this region from other regions. The inventory and EFs developed in 
the present study will be useful for further LCA GHG studies in the crop production sector in the 
EGP.  
 
On-farm emissions were calculated for farm machinery operations during cultivation, irrigation 
and harvesting, and from soil emissions. Soil emissions of CO2, CH4 and N2O were quantified at 
the experimental site using closed chambers to capture gases. Gas flux was calculated according 
to Yagi et al. (1991). Global warming impact values were expressed over 100 year time horizons 
as GWP of GHG depends on the timespan over which the gas concentration decays in the 
atmosphere. Individual greenhouse gas (CO2, CH4 and N2O) emissions from each production 
stage were converted to CO2eq using established conversion factors (Alam et al., 2016b). In 
Chapter 3, it was shown that soil carbon sequestration accounting was necessary for estimating 
the actual contribution of the crop grown under novel rice crop establishment practices to the 
GHGs because otherwise there was overestimation of GHG under crop cultivation. The LCA 
GHG estimation can be improved additionally in the way that we account for carbon based on a C 
budget: input and outputs. To estimate exactly the impact of agricultural practices on the net 
GWP, soil C stock change should be quantified together with biogenic GHG (CH4 & N2O) fluxes. 
The SOC stock changes, which mean the difference between C input and output differs with soil 
respiration rates. The C footprint of monsoon rice was estimated in the present study with both 
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the soil C sequestered by adopting the novel practices and also by using C values found with the 
C budget: input minus outputs.  
 
In the present study, the sampling of gas was done weekly and for gas sampling for N2O emission 
during split application and drying and rewetting of soil, the sampling was done more frequently. 
The accuracy of estimation of GHG emissions is very much dependent on sampling frequency 
(Barton et al., 2015). Uncertainties in estimating GHG fluxes are increased with less frequent 
sampling of gases in static chambers, particularly N2O. The weekly measurements of N2O, CH4 
or CO2 in the current study may have missed critical emissions and might underestimate the 
actual GHGs during on-farm stages of crop production. The soil disturbances, crop types and 
stages, chemical inputs applications (like fertilizers, pesticides etc.), irrigation, soil mid-season 
drying or re-wetting events may contribute up to 70 % of the total annual flux (Barton et al., 
2008; Barton et al., 2013; Wolf et al., 2010).  
In irrigated rice systems with good water control, the anaerobic conditions developed in soils 
within few hours/few days of flooding (Bodelier, 2003) started building constantly very low 
(more negative) soil redox potential condition for having restricted gas diffusion in flooded soils 
(Adhya et al., 2000; Bronson et al., 1997). Eventually, the Eh in flooded soils generally stabilizes 
in a range of +200 to −300 mV depending on the soil, especially on the quantity and quality of 
organic matter and texture, and the presence and contents of reducible nutrient elements 
(Sahrawat, 2015). The reduced Eh conditions in soil maintains an overall stable levels of GHG 
emissions (increased CH4 and reduced CO2 and N2O emissions) with the exception of changes in 
GHG emission patterns during fertilisers added. But manual chambers are likely to underestimate 
seasonal fluxes of GHGs if the frequency of measurements does not adequately match the 
occurrence of emission events during the study period. The use of automated chambers with 
continuous measurement of GHG emissions for the LCA study should increase its accuracy by 
better characterizing temporal variation in GHG fluxes (Butterbach-Bahl et al., 2013; Barton et 
al., 2015). The optimal sampling frequency for crop seasonal estimates of GHG fluxes depends 
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on the main hotspot for emissions, which in the present case was methane emission from soils 
which with the presence of organic matter under continuous submergence remains stable due to 
having low redox potential (Ponnamperuma, 1972).  
Large fertilizer-N applications could significantly increase N2O emissions due to volatilization of 
NH3 and NO3 (nitrate) losses via leaching and denitrification (Gan et al., 2014; Law et al., 2012). 
The high warming potential of N2O is responsible for the largest CF of fertilizer-N application in 
the study area. However, some studies have suggested that N2 loss (via ammonia volatilization, 
nitrate leaching and N2O emission) should also be accounted for in the LCA study. Currently 
most studies do not measure N2 loss (Chen et al., 2014a; Zhang et al., 2017) rather the loss and its 
contribution to GHG emissions are estimated based on model (Chen et al., 2014b). To improve 
the accuracy of C footprint estimation, there remains scope of measuring N2 loss and incorporate 
the related CF in the life cycle study to estimate more accurate GWP.  
 
The novel rice crop establishment practices developed to fit CA in rice-based triple cropping 
systems has outperformed conventional practices in terms of yield, economic return, soil health 
(Haque et al., 2016; Islam, 2017). Environmental impact assessment at the farm level through 
using LCA is also much more recent and accurate. To the author’s knowledge, no LCA-based 
eco-efficiency research has been published for EGP agriculture and production in rice-based 
cropping systems. In the present thesis streamlined LCA (SLCA) of component crops and the 
rice-dominant cropping system were reported, but there remains scope for conducting other LCA 
besides SLCA, namely: attributional LCA which describes the pollution and resource flows 
within a chosen system attributed to the delivery of a specified amount of the functional unit and; 
consequential LCA which estimates how pollution and resource flows within a system change in 
response to a change in output of the functional unit (Thomassen et al., 2008). With these LCAs, 
the effect of emerging crop establishment practices (SP/NP with residue retention) replacing 
conventional establishment practices could be specifically estimated in terms of environmental 
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impacts. In addition, other promising rice crop establishment practices under CA principles can 
also be examined for environmental impact in comparison with the non-puddled transplanting of 
rice establishment practice. The two alternative LCAs again can compare the environmental 
burdens of the novel practice of rice crop establishment with the traditional practices of soil 
disturbances. 
 
Fields of wetland rice are the most important sources of anthropogenic CH4. Improving the 
accuracy in the CH4 budget is fundamental to identify strategies to mitigate climate change in 
wetland rice production. Such improvement requires a mechanistic understanding of the complex 
interactions between environmental and agronomic factors determining CH4 emissions, and also 
the measurement of the temporal CH4 emissions pattern in the whole annual crop cycle. In some 
studies, the contribution of fallow to the total CH4 emission reached up to 50 %, which 
demonstrates the need for year-round CH4 measurements to properly estimate the annual 
CH4emissions (Fitzgerald et al., 2000). Hence, both the growing and fallow seasons must be 
included in the LCA. However, most of the previous research has been focused on the growing 
season only (Martínez-Eixarch et al., 2018). The characterization of the temporal pattern of 
CH4 emissions is also important in order to identify the timing of emission peaks and, 
consequently to improve the understanding of CH4 dynamics and the efficacy of mitigation 
strategies. Furthermore, while most studies are focused on the growing season, emission data 
during the fallow season is scarce (Meijide et al., 2011; Alberto et al., 2015; Knox et al., 2016).  
In the EGP, the fallow periods in the transition from upland crops to wetland rice and from 
wetland crops to upland winter crops might cause significant emissions of GHGs (CH4, CO2 and 
N2O). Sander et al. (2018) found soil nitrate was accumulated and N2O was emitted in treatments 
with soil drying. Nitrate disappeared while ammonium gradually increased after the soil was 
flooded during land preparation, indicating net N mineralization. Among the GHGs, N2O 
emissions were highest in both transition periods (Sander et al., 2018). Methane and CO2 are also 
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emitted not only throughout the growing season but also in the fallow period between crops. In 
addition to this, the practices of tillage and residue retention for the establishment of crops of the 
triple crops cropping system and irrigation application for production might expedite the 
emissions of the GHGs. LCA studies should also be conducted with these emissions in the fallow 
periods in between crops (Martínez-Eixarch et al., 2018). 
 
The present study which estimated C footprints of crops in a rice-based cropping system using the 
LCA approach is very important for the Government of Bangladesh since wetland rice is the 
dominant crop in the country and a major contributor to national carbon accounts. Bangladesh has 
been a signatory of the Copenhagen Accord since 2010 (MOEF, 2010). Though the country has 
no legal binding actions for mitigating GHG emission, with the increasing growth and 
development in economy and industrial progress, the country has to take mitigation actions for 
showing their responsibility to the world for the financial, technical and capacity building 
support. Action to mitigate GHGs in agriculture has to also consider its major role in the 
economy. Agriculture was attributed to poverty reduction by more than 90 during the period of 
2005 to 2010 in Bangladesh. Around 50 % of all workers in the country and nearly 75 % in rural 
Bangladesh are employed in agriculture, while almost 87 % of rural households depend on 
agriculture for at least part of their income (WB, 2016). Other upland crops requiring high input 
levels in the form of fertilizers, pesticides etc. are also accountable for GHG emissions. From 
generation and delivery of inputs to the delivery of produce to the consumer’s door, significant 
emissions are involved (Alam et al., 2016b; Bengini and Busto, 2009; Roy et al., 2005). The LCA 
of the crops in the cropping systems and LCA of the cropping systems themselves could help 
identify hotspots and stages of crop production which could help policy makers and farmers to 
identify the most promising options for mitigation of GHGs and GWP. 
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8.2 GHG emission under minimum tillage and increased residue retention  
Crop establishment practices and residue retention levels and their influence on soil C and N 
under irrigated rice-monsoon rice-upland crop (mustard crop) cropping systems were significant  
in terms of GHG emissions (p<0.05; Figure 8.1). Among the practices, the CTHR practice led the 
total GHG emissions from the unit tonne of production, followed by NPHR and CTLR, 
respectively. The maximum reduction of total GHG emission was recorded in NPLR practice. 
The NPLR practice saves 29 % over CTHR and 18 % over CTLR, while the NPHR saves 24 % 
over CTHR and 16 % over CTLR practices. The NPLR during monsoon rice season offers 
savings of 47 and 20 % GHG emission over CTHR and CTLR, respectively, while with NPHR 
savings were 26 % over CTHR.  
The increased CH4 emissions in NP with HR undermine the increased yield obtained with the 
increased residue retention. During mustard cultivation, SPLR was the lowest contributor of LCA 
GHG (28 % and 11 % lower than CTHR and CTLR, respectively) (p < 0.05), followed by GHG 
in SPHR practice. Harada et al. (2007) found even higher saving of GHG emission by adopting 
no-tillage rice cultivation which was by 1.78 tonne ha-1 as a result of saving fuel and reducing 
CH4 emission, respectively. But the study was confined to single rice crop. On the other hand, 
Choudhary et al. (2017) conducted a footprint study with upland-upland (pearlmillet-mustard) 
cropping system and they found CT with increased residue retention maintained the least carbon 
efficiency (2.1) and highest carbon footprint values (1.91 kg CO2eq kg
-1 grain of pearl millet) 
relative to other tillage practices. For mustard crop, the C footprint was invariably higher in CT 
with HR. Liu et al. (2016) estimated C intensity (CI) of rice over three consecutive rice-growing 
cycles from year 2011 to 2013; the corn-straw amendment at increased rate had a much higher CI 
of rice (2.49 kg CO2eq kg
-1 grain) than that of no-amendment (0.88 kg CO2eq kg
-1 grain), 
resulting from large soil CH4 emissions. Again, Arunrat and Pumijumnong (2017) estimated the 
overall GHG intensity for rice production system in Thailand which ranged from 0.31 to 1.68 kg 
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CO2eq kg
−1 yield, with an average value of 0.97 kg CO2eq kg
−1 yield but these values do not 
include any upland crops in the system. 
 
Figure 8.1 Greenhouse gas emissions in total and at different life cycle stages for the production 
of component crops of mustard-irrigated rice-monsoon rice system in the EGP. Comparisons are 
made among emissions converted to CO2eq according to global warming potentials of CO2, CH4 
and N2O over 100-year time horizons. [Legend: CT–Conventional puddled transplanting of rice; 
NP–Non-puddled transplanting of rice; LR–Low residue retention level; HR–Increased residue 
retention level]. 
 
The pre-farm emissions for each and every crop of the cropping system were lowest with SPHR 
practice (Figure 8.1-8.2). The pre–farm emissions were significantly lower than on–farm 
emissions for CTLR, CTHR, NPLR and NPHR and represented only 14-22 % (monsoon rice), 
7.5-11.4 % (irrigated rice) and 29.8 %-43.6 % (mustard) of the on-farm emissions. The CA 
cropping over the long-term period improved soil nutritional status which resulted in many co-
benefits specially increased yield with lower input requirement. In addition to the lower 
emissions associated with the manufacture and transport of the low amount of inputs, the area of 
study in the EGP generates electricity and manufactures urea by using low C intensive natural 
gas, and uses light vehicles for input deliveries to the field (Alam et al. 2016b). The novel 
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practices of crop establishment also maintained yields of all crops in the cropping system. 
Collectively these characteristics bring down emissions related to production of crops per unit 
functional unit (Hokazono and Hayashi, 2015). Some studies also recorded lower pre-farm 
emissions in their studies which they attributed to increased yield, lower input requirement and 
lower emission for input delivery to paddock (Badey et al., 2013; Xu et al., 2013; Blengini and 
Busto, 2009). In the present study, the incorporation and production of short duration mustard 
required very low amount of inputs but generated high REY when compared with rice 
production. The emission for the production and transportation of pre-farm inputs in the case of 
mustard are 45-48 % lower than pre-farm emission of monsoon rice production per tonne. Hence, 
the incorporation of crops in the cropping system which require no or minimal inputs for their 
production, can reduce the pre-farm contribution to the C footprint even further (Liu et al., 2016; 
O’Dea et al., 2013; Stagnari et al., 2017). Legumes, in particular may be advantageous from 
LCA and soil health perspectives, because they fix atmospheric nitrogen, thereby reducing the 
need for added fertilizers. Gustafson and Yildiz (2017) proposed that pulse crops have low C and 
water footprints relative to most foods, with greenhouse gas emissions of 0.27 kg CO2e kg
-1 and 
irrigation water use of 0.19 m3 kg-1. Further LCA research is needed on the contribution of 
legumes in rice-based cropping systems to mitigation of GHG emissions. Similarly, LCA studies 
in the EGP are needed for high input crops like potato in the upland condition due to the risk of 
high N2O emissions from the application of huge amount of N fertilizers (FRG, 2012). 
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Figure 8.2 Per cent distribution of life cycle greenhouse gas emissions for stages of production of 
component crops of rice based cropping systems 
Though SPHR had the lowest pre-farm GHG consumption, the highest reduction potential of total 
LCA GHG was performed by the NPLR practice because of the higher on-farm GHG emissions 
compared to other tillage and residue retention combinations. Moreover, the emissions from the 
on-farm stage contributed the maximum part of total GHG emissions. Overall, on-farm processes 
of the rice–based cropping system comprised 83–88 % of the total LCA GHG, having the lowest 
portion with NPLR and the biggest portion with CTHR. The share of on-farm emissions of the 
component crop, irrigated rice, monsoon rice and mustard crop ranged from 89 to 93%, 78 to 86 
% and 70 % to 77 % of total GHG emitted during their production, respectively. The highest 
portion was contributed by the CTHR practice during irrigated rice production resulting from 
lower productivity and higher methane emissions (Figure 8.1-8.2). The CTHR had the highest 
emissions from soils, probably resulting from extensive disturbance of soil and higher available 
carbon for methanogenic organisms leading to increased methane emissions (Figure 8.1-8.2).  
 
As the present study was conducted throughout the year, the fuel consumption during on-farm 
activities varied among crops, as for example, fuel consumption of monsoon rice was limited to 
land preparation and harvesting (Figure 8.3). The factors influencing the on-farm LCA GHGs of 
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field crops production include crop establishment practices (Alam et al. 2016b; Lal, 2004), soil 
fertility status (Duby and Lal, 2009; Gupta et al., 2009) and irrigation application (AIJ, 2003). 
Kasmaprapruet et al. (2009) also found that most (95 %) GWP is contributed by the cultivation, 
followed by harvesting (2 %) and seeding processes during the life-cycle of rice. Badey et al. 
(2013) found the impacts on climate change at pre-farm and on-farm are primarily driven by N2O 
emissions when spreading nitrogen fertilizers, which account for 44 %−54 % of total GHG 
emissions generated by oilseed crop production. They also found manufacturing mineral N 
fertilizer accounted for 27 %−37 % of GHG emissions and mechanization (i.e., diesel 
consumption by farm machinery) also accounts for a significant share (9 %−19 %) of total GHG 
emissions. BY contrast, in the EGP, Alam et al. (2016b) found that the fuel consumption for 
irrigation and land preparation and harvesting (0.6–0.9 %) alone accounted for 14 to 19 % of the 
total emissions of the on–farm emissions. Furthermore, Islam et al. (2013) and Khan et al. (2009) 
reported that irrigation is the major share of energy inputs for rice production. On the contrary, 
the monsoon rice in the present study did not require any irrigation application and saved those 
LCA GHGs (Figure 8.3). The present study contrasted with the study by Thanawong et al. (2014) 
who stated that irrigated rice produced higher on–farm emissions than rain-fed rice growing as 
the emissions of CH4 of the former were almost double those of rain-fed rice.  
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Figure 8.3 Greenhouse gas emission contribution of different activities for the production of 
crops of the monsoon rice-mustard-irrigated rice cropping system as influenced by crop 
establishment techniques and residue retention (p<0.05). Comparisons are made among emissions 
converted to CO2eq according to global warming potentials of CO2, CH4 and N2O over 100-year 
time horizons.  
 
8.3 Overall GHG emissions 
The total LCA GHGs of unit tonne of monsoon rice production were 1.48, 1.82, 1.23 and 1.49 
tonne CO2–eq tonne
–1 of rice production for the CTLR, CTHR, SPLR and SPHR, respectively 
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(Figure 8.1-8.2 and 8.4). These emission values were 1.12, 1.2, 1.33 and 1.60 tonne CO2eq per 
tonne of irrigated rice production for SPLR, SPHR, CTLR and CTHR, respectively, whereas 
0.35, 0.38, 0.40 and 0.45 tonne CO2eq per tonne of REY of mustard production were emanated 
for SPLR, SPHR, CTLR and CTHR, respectively (Figure 8.1-8.2 and 8.4). These higher 
emissions under both irrigated and monsoon rice cultivation can be attributed to continuous 
submergence of paddy rice soil during both crops which caused low redox potential value that 
was conducive to the higher CH4 emissions (Takai and Kamura, 1966; Yu and Chen, 2004). 
Zhang et al. (2017) found higher carbon footprint in China than C footprint found in our study for 
upland mustard or submerged rice crops. They found 1.76 tonne CO2eq tonne
-1 for maize 
production, 2.75 tonne CO2eq tonne
-1 of wheat production and 5.9 tonne CO2eq tonne
-1 of rice 
production. Our results for conventional puddling are similar to studies conducted by Hokazono 
et al. (2009) as the GHG emissions in Japan from pre–farm and on–farm stages were 1.51, 1.34 
and 1.62 tonne CO2–eq tonne
–1 of rice production for the conventional, sustainable and organic 
farming systems, respectively. Farag et al. (2013) found 1.9 t CO2–eq tonne
–1, Ryu et al. (2013) 
estimated 2.21 t CO2–eq tonne
–1 for puddled rice production within the same system boundary 
which was higher than the C footprint under conventional puddling, while Harada et al (2007) 
found lower C footprint for minimum tillage rice than C footprint recorded in our study. 
Hokazono and Hayashi (2015) found that diversifying crop rotations with non-rice/leguminous 
crops can mitigate LCA GHGs.   
Devakumar et al. (2018) estimated C footprint of irrigated crops grown in Karnataka and found 
that release of C equivalents was more compared to non-irrigated agriculture. Among the two 
major cropping seasons, the monsoon season’s (sunflower, rice etc.) C footprint was more than 
cool-dry season crops (millets, pulse crops, oil crops, grain crops or vegetables) because of 
increased CH4 emissions under rice conditions (Devakumar et al., 2018). These findings, like 
those of the present study emphasis the importance of estimating the C footprint of diverse crops 
such as grain crops, pulses, vegetables etc. especially for intensive cropping involving two or 
 236 
 
three crops per year. Variations among cropping seasons and between irrigated and non-irrigated 
conditions are likely to be important (Devakumar et al., 2018). The study area cultivates 
diversified crops in the cool-dry season followed by rice/non-rice and rice crops in triple crops 
cropping systems. The growing of crops with various demands of inputs might offer different 
hotspots and footprints.  The emerging practice of SP for upland crops and NP for wetland crops 
with residue retention has been proved to be resource conservative and improved soil fertility 
(Islam et al., 2013; Haque et al., 2016; Alam et al., 2018). Accordingly, the practice could save 
inputs required for production of upland crops in the rice-upland systems on the EGP. The 
present study only included mustard as Rabi crop in the rice dominated system, so there remains 
scope for studying other dry land crops in rice-upland intensive triple crops cropping systems 
under the novel CA practices.  
 
8.4 Identification of hotspots 
With the varied crops in the paddy-upland cropping system, the share of LCA GHGs varied 
among different activities and among different inputs required. However, in the rice-upland 
cultivation, on–farm CH4 emissions contributed the overall highest emissions, followed by CO2 
emissions from soils due to soil respiration, production and transportation of inputs and N2O 
emissions from paddock. These were identified as the main hotspots, in that order of priority 
(Figure 8.3). A hotspot from CO2 emissions from soils under mustard can be attributed to soil 
respiration in the present study during the post-rice season. In addition, as the soil had improved 
nutrient status, input of fertilizers for mustard was minimal. So, CO2 emission was the main 
emitter of LCA GHGs. By contrast with our result, Nemecek et al. (2008) found N2O was the 
hotspot of LCA GHGs conducted on a upland rotation (oilseed rape –wheat –spring peas –winter 
wheat –winter barley rotation) because aerobic conditions that followed intermittent water supply 
stimulated the emission of the N2O (Flessa and Beese, 1995). Zhang et al. (2017) summarised the 
C footprints of maize, wheat and rice across China and proposed that the most important factors 
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governing carbon emissions were the application of nitrogen fertiliser (8–49 %), straw burning 
(0–70 %), energy consumption by machinery (6–40 %), energy consumption for irrigation (0–44 
%) and CH4 emissions from rice paddies (15–73 %). Alam et al. (2016b) in their LCA of irrigated 
rice in the EGP–Bangladesh and Blengini and Busto (2009) in their LCA of rice production in 
Italy also identified on–farm CH4 emissions, farm machinery use and emissions due to fertilizer 
applications as the main hotspots, in that order of priority. In a study of monsoon rice LCA (Alam 
et al., 2018), CH4 emission from on-farm stage of monsoon rice production comprised the major 
share of the LCA GHGs. The IPCC (2007) estimated the contribution of CH4 in irrigated rice to 
be up to almost half of total agricultural CH4 emission efflux. 
With the elimination of puddling and transplanting events, direct-seeded rice (DSR) where seeds 
are directly sown in tilled or no-till soil is a likely alternative to mitigate CH4 emission by 
wetland rice. Growing DSR could have substantial impact on CH4 emission as DSR fields are not 
continuously submerged with water (Pathak et al., 2013). On the other hand, drill seeding is 
promoted as a mitigation option for wet-seeded rice (where fields are flooded from planting until 
drainage before harvest) because it has the potential to reduce CH4 emissions when compared 
with fields that are flooded before seeding and remain flooded throughout the plant growth period 
(Pathak et al., 2013). However, the longer aerobic period during crop establishment under drill-
seeding and DSR practices may increase N2O emissions (Cai et al., 1997) and lead to higher 
GWP values. Drill-seeded rice establishment systems can lead to significant CH4 and N2O 
emissions due fluctuations between anaerobic and aerobic soil conditions, however, the 
relationship between crop management practices, particularly fertilizer N management, and total 
global warming potential (GWP) remains unclear (Adviento-Borbe et al., 2013). However, no 
comprehensive studies with LCA have been carried out to evaluate the impacts of DSR and drill-
seeded rice system on GHG emission. 
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Shifting from flooded systems of rice production to drier systems of crop production might lead 
to change in GHG from CH4 under wet soil to abundant N2O emissions under drier soil 
conditions. Weller et al. (2014) investigated and compared differences in N2O and CH4 emissions 
from traditional paddy rice, upland ‘aerobic’ rice, and maize systems in a dry subtropical climate 
by employing an automated static chamber method of GHG emission measurement. The study 
concluded that though CH4 emissions from the upland rice were lower than the paddy rice 
system, yield was below average, and also a shift from the paddy system to the upland system 
will only amount to pollution swapping since N2O emissions were higher in the upland system. 
The GWP of the non-flooded crops was lower compared to flooded rice, whereas high CH4 
emissions under flooded conditions still override enhanced N2O emissions in the upland systems. 
Weller et al. (2014) concluded that the yield-scaled GWP favoured maize over aerobic rice, due 
to lower yields of aerobic rice. However, the lower GHG emissions of upland systems are only 
beneficial if they are not overwhelmed by enhanced losses of SOC. Tools such LCA are an ideal 
approach for identifying GHG reduction strategies for high-emitting crops like paddy rice. To 
date there is a lack of LCA studies on the performance of aerobic vs wetland rice in terms of 
yield-scaled GWP on the EGP. 
 
8.5 Accounting of sequestered C in the LCA GHG estimation 
There was an over-estimation by 6 to 40 % of life cycle GHG by not including C sequestration in 
the carbon footprint equation. Production of 1 tonne of REY of the rice–based system was caused 
for 0.73, 0.74, 0.98 and 1.12 tonne of CO2–eq actual LCA GHG emission with taking sequestered 
C into account. Production of 1 tonne of irrigated rice in the EGP after accounting for C 
sequestered in soils accounted for 0.91, 0.95, 1.25 and 1.41 tonne CO2–eq for NPLR, NPHR, 
CTLR and CTHR, respectively, whereas, the LCA GHGs for the production of 1 tonne of 
monsoon rice were 1.10, 1.21, 1.4 and 1.65 tonne, respectively. Again, for RE mustard 
production, NPLR, NPHR, CTLR and CTHR are responsible for 0.09, 0.18, 0.31 and 0.29 tonne, 
respectively (Table 8.1).  
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Table 8.1 Life cycle greenhouse gas emission for the production of 1 tonne of rice equivalent 
yield (REY) of the rice–based system on the EGP (Alipur, Rajshahi, Bangladesh) after 
accounting for soil carbon sequestered by the treatments. 
 
Treatments Actual LCA GHG (t t-1 of production) for crops in a mustard-irrigated rice-
monsoon rice cropping system 
Mustard (REY) Irrigated rice Monsoon rice Cropping system 
NP/SPLR 0.09 0.91 1.10 0.73 
NP/SPHR 0.18 0.95 1.21 0.74 
CTLR 0.31 1.25 1.40 0.98 
CTHR 0.29 1.41 1.65 1.12 
 
The relative contribution of crops also changed with C sequestration accounting. The relative 
contribution of monsoon rice ranged from 47-55 % of the actual CS LCA GHG of which the 
lowest portion was contributed by SPLR and the highest portion was by CTHR. The relative 
contribution of the irrigated rice was 41-44 % of the actual CS LCA GHG, while REY of mustard 
contributed 4-11 % of the actual CS LCA GHG when grown under SPHR practice (Figure 8.5). 
The majority of LCAs of agricultural products have not included possible changes in soil carbon 
sequestration due to the cropping or soil management practices implemented. While agricultural 
ecosystems can emit C as CO2 and CH4 they can also simultaneously sequester C (Zhang et al., 
2017). The SOC sequestration varies with rice cropping system (Alam et al., 2018). While 
monsoon rice is a high CH4 emitter this can be offset in part by high C sequestration. The actual 
LCA GHG emissions of the current practice of rice crop establishment was similar to that of total 
LCA GHG of the CA practice, non-puddled transplanting of rice with increased residue retention 
(NPHR) (p<0.05; Figure 8.5). Goglio et al. (2015) and Petersen et al. (2013) found that 
accounting for soil sequestered C in a long-term cropping system study is critically important for 
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finding actual/net LCA GHGs for any crop production practices. Consequently, after accounting 
for SOC sequestration, the LCA GHG of NPHR was significantly lower than the actual GHG of 
CTLR. The NPHR had 15.5 % lower actual life cycle GHG, while NPLR had even 32 % lower 
emissions due to the reduced contribution of CH4 emission and the increased C sequestration in 
soil (p<0.05; Figure 8.5). 
 
 
 
Figure 8.4 LCA GHG emissions without C sequestration (total; above) and LCA GHG with C 
sequestration (actual; below) t-1 production of component crops (irrigated rice, monsoon rice and 
mustard) and cropping system as influenced by crop establishment techniques and residue 
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retention (p<0.05). Bars with the same letter above them are not significantly different at p < 
0.05. Emissions converted to CO2–eq according to GWP of CO2, CH4 and N2O over 100-year 
time horizons. [Legend: CT–Conventional puddled transplanting of rice; NP–Non-puddled 
transplanting of rice; LR–Low residue retention level; HR–Increased residue retention level] 
 
 
Figure 8.5 Percent contribution s of component crops on actual cropping system life cycle 
greenhouse gas emission (CS LCA GHG). [Legend: CT–Conventional puddled transplanting of 
rice; NP–Non-puddled transplanting of rice; LR–Low residue retention level; HR–Increased 
residue retention level] 
 
8.6 C cycling 
Minimum disturbance of soil and increased residue retention increased C sequestration in soil (0-
10 cm) over five years of cropping at Alipur and Digram fields of study (Eastern Gangetic 
Plains). The patterns of SOC increase were similar for both Alipur and Digram, despite 
differences in rotation of crop types and soil types. Presently, accrual of benefits of CA 
application in upland cropping (e.g. wheat in NW India) is wiped out with the puddling of soil for 
rice crop establishment (Sapkota et al., 2017; Hobbs et al., 2008). However, the present research 
has found that following SP for upland crops and NP for rice together with HR for all crops in the 
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rice-upland cropping systems increased C stocks in the soil after 5 years to values that were 
almost double that achieved via the CT, soil puddling and residue removal. Moreover, the SPLR 
and SPHR treatments also overtook the BPLR and BPHR treatments in conserving C in soils. 
This difference can be attributed to the higher degree of soil disturbance (Sapkota et al., 2017; 
Haque et al., 2016) and to more frequent wetting and drying episodes for the raised beds during 
irrigation and rainfall.  
The increases in soil C with SP and HR were associated with decrease in the cumulative release 
of C as CO2 and/or CH4 (i.e., CO2eq) in the rice-based cropping systems on both soil types. 
During the mustard growing season at Alipur, the emissions from soils under SPHR were 48.5, 
45.6 and 21.9 % lower t-1 of SOC than those under CTHR, CTLR and BPLR, respectively, while 
during the wheat growing season at Digram, the emissions from soils under SPHR were 50, 44.9 
and 24.2 % lower t-1 of SOC than those of CTHR, CTLR and BPHR, respectively (Table 8.2). 
During the jute growing season at Digram, the emissions from soils under SPHR were 59.3, 29.5 
and 12.5 % lower t-1 of SOC than those under CTHR, CTLR and BPLR, respectively. The 
incorporation of the NP method in the rice–based cropping system offers potential reductions in 
terms of the CO2–eq releases t
-1 SOC stored from inputs (SPHR decreases CO2–eq releases t
-1 of 
SOC by 58, 45 and 30 % over CTHR, CTLR and BPLR, respectively) (Table 8.2). 
 
With SPHR, C storage increases were 4.3, 3.4, 2.9, 1.7 t ha-1 relative to CTLR, BPLR, CTHR and 
SPLR, respectively, at Alipur, which were 3.8, 2.4, 1.9 and 1.2 t ha-1 relative to CTLR, CTHR, 
BPLR and SPLR, respectively, at Digram (Table 8.3). Two principles of CA (minimum 
disturbance of soil, keeping soil covered with residue) each was effective in boosting SOC over a 
period of time. The emerging practice to establish rice in accordance with CA principles in rice-
based triple-crop cropping systems with increased residue retention could accumulate C in soil. 
The rice-dominant system had higher accumulation rate than rice based system. At Alipur, soil C 
accumulation under SPHR was 65 % higher than the current practice (CTLR). If the practice, 
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SPHR is adopted over the entire South Asian region where monsoon rice–based cropping systems 
are followed, on an average, 242, 158, 160, 88 and 37 million tonnes (Mt) of TOC can be re-
stocked after 13-14 crops relative to CTLR, BPLR, CTHR, SPLR and BPHR, respectively.  
 
Table 8.2 Performance of strip planting (SP) for upland crops/non-puddled transplanting of rice 
with increased residue retention (%) relative to other practices in terms of CO2 and/or CH4 
emissions per tonne of SOC stored in respective soils 
 Alipur Digram 
SP relative to Mustard SP 
relative 
to 
Irrigated 
rice 
SP 
relative 
to 
Wheat SP 
relative 
to 
Jute 
CTHR 48.5 CTHR 58 CTHR 50.0 CTHR 59.3, 
CTLR 45.6 CTLR 45 CTLR 44.9 CTLR 29.5 
BPLR 21.9 BPHR 30 BPHR 24.2 BPLR 12.5 
 
Table 8.3 The performance of SPHR over other practices at Alipur and Digram, Rajshahi, 
Bangladesh 
Treatments 
Alipur (after 14 crops) Digram (after 13 crops) 
With SPHR, C 
storage increased 
over other 
practices (t ha-1) 
With SPHR, C 
stock increase in 
south Asia 
(MT)* 
With SPHR, C 
storage increased 
over other practices 
(t ha-1) 
With SPHR, C 
stock increase in 
south Asia (MT)* 
CTLR 4.3 256 3.8 229 
CTHR 2.9 175 2.4 144 
SPLR 1.7 103 1.2 72 
BPLR 3.4 202 1.9 113 
BPHR 0.8 49 0.4 24 
*About 60 million hectares of land in South Asia follows these intensive cropping systems. 
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The SP/NP with LR had also higher TOC relative to other crop establishment practices with LR. 
The SPLR plots had 39 and 22 % higher SOC values than the CTLR and BPLR plots, 
respectively, suggesting that minimizing soil disturbance, even without increasing residue 
retention is beneficial in this cropping system for soil C accumulation. The increase in TOC in 
soil under SPHR and BPHR compared to CT practices can be attributed to reduced level of CO2 
emissions from the soils under the minimum tillage crop establishment practices. Overall, the 
CO2 emissions tonne
-1 SOC stored in the soils under SP with LR and HR were approximately 13 
to 59 % lower than those under CT and BP with LR and HR.  
 
Identifying predictors of changes in C cycling under CA practices is very important for C buildup 
in soil (Awale et al., 2017). Correct identification of the ‘mineralisable’ soil C pool is essential as 
it is an important component in modeling soil C dynamics and ecosystem responses to changing 
environmental factors (Buchmann, 2000; Stewart et al., 2008). The water extractable C includes 
C-substrates as well as other associated nutrients (such as N, P, and S), and therefore its turnover 
is crucial in nutrient cycling (Gregorich et al., 2006). In the current study, the higher WSC 
recorded in CTHR, followed by BPHR and CTLR are associated with lower sequestration of C in 
soil because these practices also resulted in elevated CO2 emission. The CTHR practice had 166 
and 133 mg WSC kg-1 soil, respectively, followed by BPHR having 148 and 122 mg kg-1 soil at 
Alipur and Digram, respectively, and SPHR having 143 and 118 mg kg-1 soil WSC at Alipur and 
Digram, respectively. Increased residue retention also increased WSC contents relative to low 
residue retention (153 mg kg-1 with HR vs 125 mg kg-1 WSC with LR at Alipur and 124 mg kg-1 
with HR vs 98 mg kg-1 with LR WSC at Digram soil). As the SP with LR and HR arrested the 
conversion of soluble C to CO2 or CH4 to a great extent, the conversion of residue retention and 
soluble C to stable C in soil was highest with either of the residue retention with SP following 
minimum disturbance of soil.  
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The higher potentially mineralisable C (PMC) values under SP/NP with HR can also be an early 
predictor of change in C cycling in soils under CA cropping, as the increased PMCs under 
SPHR/NPHR are consistent with the increased SOC content in these soils. The higher PMC is an 
indication of the slower decomposition of SOM and eventual SOC accumulation (Raiesi, 2006). 
The highest decay rate of PMC was recorded with CTHR, BPHR and CTLR, resulting in lower 
PMC with the practices. These outputs of the first order kinetic model might be the reflection of 
elevated CO2/CH4 emission from the rice-upland triple cropping systems. Accordingly, the 
conversion of PMC/soluble C or C retained in soil to semi- or stable C under the practice could 
not happen, rather an elevated C loss might happen in the practice following in growing crops in 
rotation. Similarly, the higher MBC values in the current study under SP/NP with HR soils were 
positively related to the high SOC contents in the soils. Liu et al. (2012) and Song et al. (2016) 
found similar results, i.e., increased organic C and MBC contents in soils is associated with 
increased residue retention and minimal soil disturbance. Hence, the increased PMC, MBC and 
lower WSC and CO2eq emission recorded under the SP and SP followed by NP together with 
increased residue retention appear to lead to stabilization and accumulation of SOC in these rice-
based cropping systems. The reverse was recorded in the soils under CT with LR and HR. The 
MBC, WSC and PMC determined in the present study are, therefore, useful early predictors of 
change in C cycling in CA because basal respiration and C-mineralization are indicators of 
microbial activity, which is dependent on substrate availability and the soil edaphic environment 
(Balota et al., 2003). A build-up of chemically oxidisable C (permanganate) in soil indicates long-
term SOM stabilization (Culman et al., 2013; Hurisso et al., 2016) which is the gap in the present 
study and can be studied in the follow up experiments. 
The temperature variations among the crop establishment practices might also bring the 
difference in SOC sequestration through variations in CO2/CH4 emissions. The lower soil 
temperature with surface retained residues under SP/BP (of the two, SP had somewhat higher 
average temperature throughout the seasons, Naresh et al., 2011), probably further reduced C 
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mineralization (Lal et al. 2007), while on average 1.3-1.9°C higher temperature under current 
practice during winter and early summer seasons increased C mineralisation. On the other hand, 
the effect of lower temperature under BP than SP on SOC was probably counterbalanced by the 
additional soil disturbance under BP. 
The greater crop or biomass productivity under tillage practices with HR (Alam et al., 2018 and 
Haque et al., 2016) also may be responsible for the increased MBC and SOC levels in the soils 
(Liu et al., 2016).  
The quality of residues retained in the rice-based and rice-dominant cropping systems had 
significant differences in C turnover rates. Mustard residues have 11 and 15 % higher cellulose 
and lignin contents, respectively, than wheat residues, while rice residues have 71 % higher 
cellulose contents and almost three times lower lignin contents than jute residues (Alam et al., 
2018). The slowly-degradable phenolic compounds, cellulose and lignin from frequently applied 
residues might increase the C stocks by resisting degradation through soil respiration over the 5-
year study period. Although the wheat and jute residues retained at Digram soils contain higher 
levels of lignin, more complete decomposition of the residues may occur than at Alipur due to the 
more prolonged aerated conditions.  
 
8.7 N cycling 
The N sequestration pattern in soils at both the locations over 5 years of CA cropping was 
virtually the same as the soil C sequestration. Tillage and residue retention effects on TN in soil 
also followed a similar pattern in both rice–dominated (Alipur) and rice–based (Digram) cropping 
systems (p < 0.05). With LR in our study, the annual accumulation rates of N at Alipur and 
Digram were 16.7 and 10.4 kg ha–1, respectively, while with HR, they were 35 and 30 kg N ha–1 
yr–1 at Alipur and Digram, respectively (Islam et al., 2017). Strip planting and BP with HR 
sequestered more total N in soil at both sites of the present study, by slowing the decomposition 
of residues (Alam et al., 2018). Residues retained on the soil under the HR practice added around 
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40 kg ha–1 and   60 kg of N input ha–1 per year in rice – dominant (Alipur) and rice–based systems 
(Digram), respectively. Among the minimum tillage and residue retention practices, the BPLR 
and BPHR treatments also lagged behind the SPLR and SPHR treatments in accumulating total N 
in soils like C accumulation. The TN in soil was 25 % greater under BP which under SP was 27 
% higher at Alipur relative to TN under CT, while TN was 16 % higher with BP in contrast with 
26 % greater with SP at Digram than under CT after 13–14 crops. Slower decomposition of 
residue retained between rows of SPHR due to limited contact between soil microorganisms and 
the minimally–disturbed surface soil might also be the reason of N enrichment in the practice 
(Buresh et al., 2008; Islam, 2017; Dikgwatlhe, 2014). On the other hand, the reshaping of raised 
beds of BP for two or three times in a year imposed heavy soil disturbance and incorporated 
almost 30–40 % of the residues left on the surface. Accordingly, the practice augmented 
mineralization and loss of SOC and N compared to the SP/NP treatment (Sapkota et al., 2017).  
Despite the increased TN accumulation, the total N uptake by crops of the rice–based cropping 
systems was the same or increased with SP and BP with HR. The higher uptake by crops under 
SPHR can be attributed to the increased mineralised N and suppressed immobilised N under the 
larger stock of SOC (Alam et al., 2018) and soil N, and thereby the improved synchrony between 
N demand by the crops and the N release under SPHR. The slowed down in initial mineralisation 
rates (0–30 DAS) under SPHR coincided with low crop demand and thereafter increased N 
mineralisation coincided with greater crop demand. The improved synchrony between crop 
demand and soil N supply leads to more efficient recovery of residue N by N uptake (Becker et 
al., 1994). For Rabi crops and other non-irrigated crops, the improved soil water storage under 
HR with SP in the dry season may also enhance soil N availability (N mineralisation) and N 
uptake (Islam, 2017; Sapkota et al., 2017). While CT increased mineralisation up to 60 DAS, 
subsequent uptake and mineralisation rate was slower in CT than SP. The initial elevated 
mineralisation makes it possible that more N loss occurred under CT. For example, uptake by jute 
at CTHR was very low in relation to the amount of N mineralised. In our study, after 12–14 crops 
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at Alipur and Digram, HR with SP improves extractable N and soil N stocks and increase N 
uptake in the long–term.  
The mineralisation data recorded in the current study may also clarify the N accumulation and 
uptake results. Initially the N mineralization rate was higher with CT, but by crop harvest, higher 
cumulative N mineralization occurred under SP and BP at Digram under wheat and jute crops. At 
Alipur under mustard and irrigated rice, though the N mineralized at initial period of crop growth 
was also higher with CT, cumulative N mineralization was similar (p < 0.05) for SP, BP and CT 
(p > 0.05). As the residues kept on the surface soil under SP/BP, have less contact with soil, 
microorganisms could not reach them to immobilise. Again, the higher levels of SOM and 
organic N in the top soil layer of these practices than CT soils also explain the higher cumulative 
N mineralization under SP and BP (Tracy et al., 1990; Soon et al., 2001; Busari et al., 2015). On 
the other hand, CT in the initial phase of the study caused rapid mineralization of SOM, due to 
strong oxidative conditions, higher temperature and higher microbial activity due to soil 
disturbance (Busari et al., 2015). Though it is possible that the previous crop residues retained on 
the surface of soil delayed N mineralization, after 13–14 crops, the greater residue input gave rise 
to increased cumulative mineralization of N derived from residues retained in the soils of both the 
cropping systems.  
During the first 15–60 days of growth of all crops, CTLR had consistently higher mineralization 
rate than other practices. Conventional tillage with HR at 15 DAS of mustard had 6–24 % higher 
N mineralized, 18–49 % higher at 30 DAS and 14–67 % higher at 45 DAS than other treatments. 
On the other hand, for the rice crop, CTHR maintained higher N mineralisation up until 75 days 
(p<0.05): for wheat and jute, CTHR maintained higher N mineralisation up to 60 DAS (p<0.05). 
At harvest, on the other hand, SPHR and BPHR had the highest cumulative N mineralization (p > 
0.05). Repeated disturbance of soils with CT and incorporations of crop residues along with basal 
application of chemical fertilisers probably account for higher N mineralization during the early 
stages of growth in CT (Raiesi, 2006; Wright and Reddy, 2001). The variations in soil 
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temperature (Figure 3.3) and moisture (data not presented) recorded in soils at both the sites 
under SP, BP and CT with LR and HR also probably affected cumulative mineralization of N in 
soils. Islam (2017) also recorded the similar results as reported in our study. More N is released 
when tillage coincides with periods of high soil temperature and/or moderate soil moisture 
(Pekrun et al., 2003; Islam, 2017). The excess mineralised N after fulfilling the low demand of N 
by crops at the initial stage of crop might end up in loss via denitrification, nitrate leaching, 
ammonia volatilisation or surface runoff (Palma et al., 1998; McGarry et al., 1987). In summary, 
the differences in cumulative N mineralisation in soils among tillage and residue retention 
practices can be attributed to soil N levels, decomposition rates of soil organic N, recyclable N 
content in residues and temperature and water contents in soil.  
The paddy-upland intensive cropping systems practiced in the IGP (particularly EGP) 
significantly affects the soil N cycle by regulating the N loss processes all over the year. Because 
of the intensive cropping systems under the contrasting soil and water conditions and different 
nutrients required by the three crops, the three major processes of N losses (ammonia 
volatilization, denitrification, and leaching) are all influenced by N application, soil moisture state 
and crop establishment practices. Under flooded condition, soils, after being waterlogged for a 
long period (36 hrs), have the potential of N loss by denitrification to N2 with the synthesis of 
N2O as a by-product. Some N may be lost as N2O produced in the oxidised layer of water logged 
rice soils via nitrification (Patrick et al., 1985) which is a major process of N being available for 
upland crops and synthesise N2O as by-product. Upon frequent wetting, drying and rewetting 
events, N can be lost via leaching in the form of NO3
- and also as N2O (Liu and Diamond, 2008; 
Ju et al., 2009). Most of the studies showed that N loss as N2O increased mainly during draining 
of soils during harvesting of crops. The NO3-N leaching is the major form of N loss from both 
upland crops during excess irrigation followed by/following N split application and from rice 
fields which experienced mid-season drainage (e.g., Siemens and Kaupenjohann, 2002; Zhu et 
al., 2000). The leaching of NO3 represents 20-50 % of total N loss from soils (Ghosh and Bhat, 
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1998), up to 15 % of applied N in rice soils (Zhou et al., 2011). Actually, the NO3 availability 
increased sharply both at drying and rewetting period which upland crops -wetland crops triple 
cropping systems in the Eastern Gangetic plains undergo from time to time. On the other hand, N 
loss through NH3 volatilization is also one of the main pathways of N loss from both paddy and 
upland soils, accounting for about 10–60 % of N applications in rice fields (de Morais et al., 
2013; Tian et al., 2001; Song et al., 2004; Liang et al., 2007). The losses via NO3 leaching and 
ammonia volatilization have trade-off when rice fields go under wet and dry periods in rotation. 
Extensive chemical N fertilizer application results in high AV losses from paddy fields (Li et al., 
2008; Song et al., 2004). Xu et al. (2012) reported that seasonal ammonium volatilization losses 
from controlled irrigation (no standing water is found after the regreening stage) rice fields were 
reduced by 14.0 % compared with those from continuous flood irrigated paddy fields. The N 
loads by NH3 volatilisation to the environment through the atmospheric transportation and 
deposition lead to a number of negative effects on the ecosystem, such as acidification (Van der 
Eerden et al., 1998), eutrophication (Bobbink et al., 1992), and changes in biodiversity (Stevens 
et al., 2004; Emmett, 2007). The losses of any forms are very important because it has 
implications on NUE, yield, pollution of resources (surface water, ground water and atmosphere) 
(Liu and Diamond, 2008; Ju et al., 2009). 
 
The present study found increased soil N storage and simultaneous increased N uptake by crops 
grown following CA practices. The lower decay rates of PMN and higher PMN pools under SP 
practices (irrespective of residue levels) reduced the level of mineral N available to plants in the 
early growing season while increasing total N uptake at harvest. On the other hand, with the 
lower PMN and its higher decay rate, CT with LR or HR might incur loss of more available N via 
processes such as denitrification, nitrate leaching, ammonia volatilisation or surface runoff 
(Palma et al., 1998; McGarry et al., 1987) which led to reduced N uptake relative to SP with LR 
or HR. Again, with the lowest No in soil, higher decay rates of PMN (even higher than CT), the 
higher decay rate (Nc) of resistant pool of N, BP with LR or HR also appeared to increase N loss 
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through denitrification, nitrate leaching and ammonia volatilisation and eventually N2O emission 
pathways due to frequent periodic wetting and drying episodes of soils under raised beds of BP 
planting of crops including wetland rice (Cameron et al., 2013).  
Residue quality also regulates soil N turnover via decomposition of retained residues (Raiesi, 
1998; Raiesi, 2006) and thereby N accumulation in soil over times. For example, mustard and 
jute leaf litter had higher N content and N recycled compared to wheat and rice residues. The 
higher N recycled by mustard residue might contribute to higher N mineralisation in soils under 
irrigated rice (by 5.4 %) and higher uptake by the subsequent crop (5.8 %). More detail on the 
fate of mineralised crop residues, soil organic N or dissolved fertilizer can be obtained for these 
rice-based CA systems by using labelled 15N fertilisers or plant residues. In addition, the 
experimental plan does not separate the effects of the different factors (use of pesticides such as 
herbicides, fungicides or insecticides, types of crop, type and rate of added fertilisers) affecting N 
dynamics. In a follow up study, these could be answered with the use of these factors as 
experimental treatments along with crop establishment practices under diversified cropping 
systems in the EGP. 
8.8 N uptake 
The highest uptake at harvest was recorded with SPHR for all crops at both the sites followed by 
BPHR and CTHR. The increased N accumulated in soils and increased cumulative mineralisation 
after 13–14 crops at Alipur and 12–13 crops at Digram under SP with HR are the main factors 
supplying more N for crop uptake (Chen et al., 2014a). The improved soil water storage under 
HR with SP in the dry season may enhance soil N availability and N uptake (Islam, 2017; 
Sapkota et al., 2017). Though there is some evidence that as previous residue rate increased, 
uptake of indigenous soil N, but not fertilizer N, was increased (Maskina et al., 1993), the present 
study could not distinguish mineralised N from fertiliser N. However, this would be solved in the 
follow up study with 15N isotope labelling.   
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Figure 8.6 Effect of residue level (low (LR)– farmers’ practice; increased (HR)) on daily N 
uptake rate by all crops up to 90 days after sowing or transplanting  (DAS) grown at both sites 
(Alipur and Digram). Values are means of four replicates, averaged across soil disturbance 
treatments. 
 
With the increased residue retention, the recoveries of N with SPHR were the highest followed by 
BPHR and CTHR in the present study (111, 100 and 95 % of the residue N input by the previous 
monsoon rice; 155, 104 and 144 % of the residue N input by the previous mustard crop for 
irrigated rice, respectively; 147, 96 and 95 % of the residue N input by previous monsoon rice 
and 215, 164 and 118 % of the residue N input by previous wheat residue for jute at Digram). 
Among crops, there were clear differences in the contribution of previous residue to crop N 
uptake relative to fertiliser N. Jute relied more on fertiliser N after wheat than mustard after 
monsoon rice. This reflects in part the N demand of the crop and the N input from the previous 
crops residue.  However, clearly long term retention of increased crop straw compared to current 
farmers’ practice increases N uptake by the crops after 12–14 crops at both the sites (Figure 8.6 
and 8.7).  
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Figure 8.7 Effect of crop establishment practices (strip planting (SP), bed planting (BP) and 
conventional tillage (CT)) on daily N uptake rate by all crops up to 90 days after sowing or 
transplanting (DAS) grown at both sites (Alipur and Digram). Values are means of four replicates 
averaged across two residue levels. 
 
That the minimal disturbance of soils and increased crop residue retention practices (strip 
planting/bed planting for upland crops and non-puddled transplanting for rice crop) perform well 
in improving timeliness of crop establishment, yield (Haque et al., 2014), soil health (Sharma et 
al., 2008), economic return (Salahin, 2017) has been re-established. In addition, the potentials of 
emerging crop establishment practices to fit CA in the intensive rice–based triple cropping 
systems has been further substantiated with the results of C and N accumulations and life cycle 
GHG savings recorded in the present study. The findings of the present study show the 
importance of actual life cycle assessment for estimating greenhouse gas emissions of wetland 
rice when conservation agriculture increases soil sequestered carbon in a long-term cropping, 
otherwise the LCA overestimates the LCA GHG. Given the scopes of conducting even more 
improved studies, the present study sufficiently assessed the actual carbon footprint of an 
intensive rice-based cropping system using conservation agriculture on the Eastern-Gangetic 
Plains, while SP/NP with or without residue retention performed better than other conventional 
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and minimum disturbance practices. However, to draw a more panoramic and clear picture to the 
farmers and policy makers, studies can be suggested to fill the gaps identified in this study are 
given in the recommendation section. 
 
8.9 Conclusions and Recommendations 
Establishing conservation agriculture by employing strip planting/bed planting for upland crops 
and non-puddled transplanting for wetland rice and increased residue retention ensured positive C 
and N balance in the rice-based intensive cropping system at both Alipur and Digram sites by 
altering the C and N dynamics. However, the SP with HR had the greatest increase in net soil 
organic C (at 0-10 cm depth) sequestration (4.24 and 3.79 t ha-1 higher than CTLR at Alipur and 
Durgapur, respectively) due to reduced CO2 emissions, reduced decay rates of PMC and lower 
WSC but increased PMC and MBC. In addition, soils under SP with HR had the highest N 
content (at 0-10 cm depth) at both the locations. The SP/BP with HR slowed the initial N 
availability to crops but either maintained or increased total N uptake by crops. The variations in 
total N content in soils were positively correlated with potentially mineralisable N (PMN) which 
was highest with SPHR and negatively correlated with decay rate of PMN which was the lowest 
with SPHR and SPLR. Though the N mineralisation rate was the highest with CT up to 45 days 
after sowing or transplanting (DAS/DAT), the N uptake was almost similar between the current 
and the emerging novel practices (SP) due to sequestered soil N over the years of CA and better 
synchrony between availability of soil N and crop demand under the SPHR. The soils under SP 
and BP with HR also had co-benefits in terms of lower bulk density, increased porosity and soil 
pH.  
Based on estimated LCA GHG emissions, SP/NP establishment practices with LR or HR offer 
significant GHG savings during both pre-farm and on-farm stages of irrigated and monsoon rice 
production (NPLR saved 47 and 46 % on-farm GHG emission, over CTHR; and 20 % and 22 % 
over CTLR with irrigated and monsoon rice, respectively), relative to current practices of crop 
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establishment in the EGP. The on-farm GHG for RE mustard production under SP with LR and 
HR also gave similar GHG savings. The diminished C footprint for CA rice production compared 
to conventional planting can be credited to straw retention and minimum soil disturbance that 
increased soil carbon sequestration and reduced CH4 emissions.  
For total LCA GHG, SPLR was the best mitigation practice, while, for actual LCA GHGs, SP/NP 
with LR or HR was equally effective mitigation options for component crops as well as for the 
whole cropping system. The savings of actual LCA GHGs with the best mitigation practices, 
NPLR and NPHR, were 0.54 and 0.39 t emissions t-1 of monsoon rice production relative to 
CTHR and CTLR, respectively, while the savings of LCA GHG with SPHR practice were 0.50 
and 0.34 t emissions t-1 of irrigated rice, compared to SPLR practice which had savings of 0.46 
and 0.30 t emissions t-1 of irrigated rice relative to the emissions in CTHR and CTLR, 
respectively. In case of CS LCA GHG, the savings of LCA GHG with the SPHR practice were 
0.37 and 0.24 t emissions t-1 of REY production compared to CTHR and CTLR practices, 
respectively, while with SPLR, the savings were 0.39 and 0.25 t emissions t-1 of REY production 
relative to CTHR and CTLR practices, respectively.  
 
Though the cultivation of rice crops is input intensive for high yield goal of production, the on–
farm stage had high emission of agricultural GHGs from soil and from use of on-farm 
machineries and accordingly, contributed from 70 % (CTLR) to 77 % (CTHR) for RE mustard 
yield, from 89 % (NPLR) to 93 % (CTHR) in irrigated rice, from 78 % (NPLR) to 86 % (CTHR) 
of the LCA GHG of monsoon rice. For the cropping system, the on-farm stage shared 83 
(SPLR)–88 % (CTHR) of the CS LCA GHG emissions. These on-farm emissions were attributed 
mostly to high GHGs emission and to farm machinery use. Regardless of tillage or residue 
retention, CH4 was the predominant GHG emitted t
-1 production of irrigated and monsoon rice in 
the EGP due to anaerobic soil conditions for rice production, while for mustard, CO2eq emission 
from on-farm stage was the predominant GHG. Carbon dioxide emissions from soil, farm 
machinery use and emissions related to production of inputs were the secondary contributors to 
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LCA GHGs of monsoon rice production, irrigated rice production and REY of mustard, 
respectively. Total LCA GHG overestimates the C footprint in the long term when significant soil 
organic C differences emerge among cropping and soil management practices.  
The exclusion of C sequestration overestimated the LCA GHG emissions by  16 % for SP/NP 
with HR to 32 % with SP/NP with LR relative to their life cycle GHG. The incorporation of 
mustard, a short-duration non-rice crop, which required minimum input for production also 
reduced the life cycle GHG of the cropping system in which rice crops comprised 96.5 to 90.3 % 
of the actual CS LCA GHG. After 4-5 years of consecutive crops, the recently developed novel 
crop establishment practices with residue retention (non-puddled transplanting and strip/bed 
planting for rice and upland crops growing in a year rotation in the same field) mitigate GHGs 
and C footprints by altering the biogeochemical cycles of C and N in soils (and their related 
emissions of CO2, CH4 and N2O) and therefore, by sequestering C and N in soil. Further 
modifications of the cultivation practice of the component crops of the cropping system (e.g. zero 
tillage direct seeding) that lead to yield increase or decreased inputs could further improve the 
actual LCA GHG performances of the CA practice.  
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Recommendations 
 
o The emerging practice of strip planting (SP) for upland crops and non-puddling (NP) for 
wetland crop establishment with increased residue retention appears to be suitable for 
incorporating CA in the intensive cropping systems of the EGP because the practices are 
resource conservative, decrease the C footprint, improve soil carbon, and either maintain or 
increase yield (Islam et al., 2013; Haque et al., 2016; Alam et al., 2018). Further validation 
and adaptation of the CA practice should be conducted all over the EGP in rice-upland 
intensive triple cropping systems. Simultaneously, the practices of CA can be advised to 
farmers where rice and other crops are growing in upland–wetland rotations. 
 
o There are numerous studies that could be undertaken to further refine the estimates of the C 
footprint of the CA practices in the EGP. Firstly, along with gaseous C losses as CO2 and CH4, 
the loss of C by erosion (air and water) and with leaching water need to include in C balance 
study so that a more complete C footprint can be estimated. Secondly, fertilizer, herbicide, 
fungicide and insecticide inputs may influence C and N cycling by altering the microbial 
activities, turnover of the nutrients, decomposition of organic matter in soils, etc.. Hence 
emissions associated with these inputs may be linked with the changes in C and N cycling. 
Thirdly, loss of C and N under rice-based cropping system where soils experience episodes of 
wetting, drying and rewetting, which expedites the loss of the N, should be explored and 
included in the LCA study accounting. 
 
o The fallow periods between crops with residue retained experience soil wetting to drying and 
rewetting during the transition from upland crops to wetland crops. The rainfed crops also 
experience these alternate regimes of soil moisture during their growing period due to 
intermittent occurrence of rain. These scenarios of drying and rewetting accelerate the 
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synthesis of GHGs due to boosting microbial activities (Flessa and Beese, 1995; Sass et al., 
1992; Orchard and Cook, 1983). The use of different organic manures/composts at high rates 
is recommended for cropping in line with the Integrated Nutrient Management approach 
(INM) (BARI, 2012): their impact on LCA GHG emissions needs to be assessed. Practices 
and measurements that improve the accuracy of methane emissions are most important for 
further study in the LCA. 
 
o Further LCA research is needed on the contribution of legumes in rice-based cropping systems 
to mitigation of GHG emissions. Incorporation of crops and green manures capable of fixing 
atmospheric N in the rice-based intensive cropping systems may alter LCA GHG (C 
footprints). Similarly, LCA studies in the EGP are needed for high input crops like potato, 
maize, tomato, aroid etc.  in the upland condition due to the risk of high N2O emissions from 
the application of huge amount of N fertilizers (BARC, 2012). Variations among cropping 
seasons and between irrigated and non-irrigated conditions are likely to be important 
(Devakumar et al., 2018). The study area cultivates diversified crops in the cool-dry season 
followed by rice/non-rice and rice crops in triple crops cropping systems. The diversity in 
crops in the triple cropping systems modifies C footprints of the system as shown in the 
present study with mustard.  Hence LCA studies are recommended for a greater range of non-
rice crops in order to complete a temporal and spatial assessment of the LCA GHG mitigation 
potential in the intensive rice-based cropping systems of the EGP. 
 
o The emission factor of each and every chemical and mechanical input required for diversified 
crops needs to be generated so that these values reflect the overall situations of agricultural 
scenarios in Bangladesh. At first, sensitivity analysis can be started with the parameters based 
on estimates or assumptions to be included in the LCI. With these values, the C footprint of 
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crop production in Bangladesh should be estimated to identify the practices and measurements 
that will improve accuracy of the contribution of the main factor, methane emission.  
 
o Besides NP of rice, other promising crop establishment practices like DSR (dry-direct or wet-
direct seeded rice) and zero-till-seeding or system of rice intensification) which can fit CA in 
rice-based triple cropping systems should be studied through LCA for estimating the potential 
of GWP mitigation. The crop establishment practices should also be studied for their C 
footprint under residue retention practices. The crop establishment practices are related to 
other management practices (fertilizer management, irrigation water management, pesticide 
application etc.). However, the longer aerobic period during crop establishment under drill-
seeding and DSR practices may increase N2O emissions (Cai et al., 1997) and lead to higher 
GWP values. Drill-seeded rice establishment systems can lead to significant CH4 and N2O 
emissions due to fluctuations between anaerobic and aerobic soil conditions, however, the 
relationship between crop management practices, particularly fertilizer N management, and 
total global warming potential (GWP) remains unclear (Adviento-Borbe et al., 2013). To date, 
no comprehensive studies with LCA have been carried out to evaluate the impacts of DSR and 
drill-seeded rice system on GHG emission. 
 
o The relative contribution of crops to GWP also changed with C sequestration accounting. Very 
few LCA works have been done with C sequestration accounting (Goglio et al., 2015; Petersen 
et al., 2013). Accounting for soil sequestered C in a long-term cropping system study is 
critically important for finding actual/net LCA GHGs for any crop production practices. So, 
long-term studies should be assed for C footprint with the C sequestration potentials to find 
out actual C footprints of the practices. 
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o The weekly measurements of N2O, CH4 or CO2 in the current study may have missed critical 
emissions and might underestimate the actual GHGs during on-farm stages of crop production. 
The soil disturbances, crop types and stages, chemical inputs applications (like fertilizers, 
pesticides etc.), irrigation, soil mid-season drying or re-wetting events may contribute up to 70 
% of the total annual flux (Barton et al., 2008; Barton et al., 2013; Wolf et al., 2010). But 
manual chambers are likely to underestimate seasonal fluxes of GHGs if the frequency of 
measurements does not adequately match the occurrence of emission events during the study 
period. The use of automated chambers with continuous measurement of GHG emissions for 
the LCA study should increase its accuracy by better characterizing temporal variation in 
GHG fluxes (Butterbach-Bahl et al., 2013; Barton et al., 2015).  
 
o Large fertilizer-N applications could significantly increase N2O emissions due to volatilization 
of NH3 and NO3 losses via leaching and denitrification (Gan et al., 2014; Law et al., 2012). 
The high warming potential of N2O is responsible for the largest carbon footprint (CF) of 
fertilizer-N application in the study area. However, some studies have suggested that N2 loss 
(via ammonia volatilization and nitrate leaching) should also be accounted for in the LCA 
study. Presently most studies do not measure N2 loss (Chen et al., 2014a; Zhang et al., 2017) 
rather they decide on using models for estimating the loss and its contribution to GHG 
emissions (Chen et al., 2014b). To improve the accuracy of C footprint estimation, there 
remains scope for measuring N2 loss and incorporate the related CF in the life cycle study to 
estimate more accurate GWP. 
 
o A complete life cycle from cradle to consumption of crops should be conducted so that steps 
and processes responsible for the highest emission and ways of mitigation of C footprint of 
crops in the rice-based systems can be identified (Roy et al., 2007; Brodt et al., 2008).  The 
post farmgate stage of LCA can be a major producer of GHGs (Roy et al. 2007) accounting for 
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920 – 1320 kg CO2eq t
-1 rice from post farmgate to cooking boundary. The EGP is a major 
rice growing areas. The milled rice production in the region uses different types of boiling 
process (namely, vessel and boiler method of parboiling and untreated methods) and as the 
milled rice is exported after meeting domestic demands, their delivery to consumer gate might 
contribute significant additional GHGs. In addition, to the recent knowledge, no LCA-based 
energy efficiency research has been conducted for production of crops in the rice-based 
cropping systems followed in the EGP. There also remains scope for conducting other LCA 
besides streamlined LCA (e.g. attributional LCA and consequential LCA for identifying the 
specific contribution of any input change like non-puddling of rice replacing puddled 
transplanting, or direct seeding of rice (wet or dry) with puddling or non-puddling, urea with 
ammonium sulphate etc. (Thomassen et al., 2008).  
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Appendix 6.1 Effect of monsoon rice establishment techniques and residue retention on on-farm 
emission of greenhouse gases (p < 0.05). Bars with the same letter above them are not 
significantly different at p < 0.05. SE (±) for CO2, CH4 and N2O emissions are 35.9, 6.60 and 
0.041. [Legend: CT - Conventional puddled transplanting of rice; NP – non-puddled transplanting 
of rice; LR - Low residue retention level; HR - Increased residue retention level]. 
 
6.1 Greenhouse gas emissions under on-farm stage 
 
Monsoon rice crop establishment and residue retention practices altered on-farm emissions of 
CO2, CH4 and N2O (P<0.05). The conventional puddling with increased residue retention had the 
highest emissions of all three important GHGs (CO2, CH4 and N2O). The CTHR practice has 24, 
52 and 18 % higher CO2 emission than CTLR, NPLR and NPHR, respectively. The CH4 emission 
from soil under CTHR was 31, 56 and 22 % higher than emissions from soils under CTLR, 
NPLR and NPHR, respectively. On the other hand, the CT with LR and HR had the similar N2O 
emissions (P>0.05), while NP with LR and HR has similar emission (P>0.05). The CT 
irrespective of their residue retention levels emitted higher amounts of N2O than in soils under 
NP with LR and HR (P<0.05) (Appendix 6.1). 
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Appendix 6.2 Soil redox potential recorded from soils under irrigated rice. The lines represent 
Rh values over the season as influenced by different crop establishment and residue retention 
practices. Here, CT-Conventional puddling and tillage; NP-Non-puddling; LR-Low residue; HR-
Increased residue 
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Appendix 6.3 Soil redox potential recorded from soils under monsoon rice. The lines represent 
Rh values over the season as influenced by different crop establishment and residue retention 
practices. Here, CT-Conventional puddling and tillage; NP-Non-puddling; LR-Low residue; HR-
Increased residue 
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